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ABSTRACT

This report describes the development and verification of four computer

programs used to simulate hydraulic systems under dynamic conditions. The

programs were developed by McDonnell Douglas Corp. under contract with the

Air Force. The Hydraulic Systems Frequency Response (HSFR) program predicts

the ripple in the flow from piston-type pumps and shows how it is transmitted

and attenuated through the system. It predicts the resonant frequencies and

the locations and amplitudes of the standing waves of the oscillatory flow

and pressure. The Steady-State Flow Analysis (SSFAN) program defines the

system flow and pressure distribution resulting from the simultaneous operation

of actuator devices under any combinations of loads and rates. The Hydraulic

Transient Analysis (HYTRAN) program simulates the dynamic response of a system

to sudden changes in load flow demand. The typical input to the system is a

valve motion from which pressure and flow disturbances propagate through the

system, causing pump and component responses. The Hydraulic Transient Thermal

Analysis (HYTTHA) program predicts the effects of system heat generation and

dissipation of the temperatures and performance of a hydraulic system.

The Air Force has made the programs available to all prospective users

and has rendered technical assistance. User manuals and programs were first

made available to industry in September 1974, and updated versions were

disseminated at the final oral nresentation in February 1977.

itt



TABLE OF CONTENTS

Sl;SrCt! ON PAGE

INTRODUCTION ............. . . . . . . . .. 1

II TEST METHODS ..................... ...................... 4

i. FREQUENCY RESPONSE TESTS ........................... 5

2. TRANSIENT TESTS ............. ...... .................. 5

a. Test Benches and Conditions .................. . r

b. Test Problems .......... ...... ................. 6

(1) Fast Control Valve .... ................... 6

(2) Mechanical Vibration .... ................. 7

(3) Pump Test Problems .... ....... ............ 10

(4) Operational Life of Hot Film Anemometer

Probes ........... ....... ................... 1-2

3. STEADY STATE TESTS ......... ................ 12

4. THERMAL TESTS ............ ................... 12

III INSTRUMENTATION ............ ..................... 13

1. HYDRAULIC PERFORMANCE ANALYSIS FACILITY ...... 13

a. Description .......... .................. 13

b. Pump Drive System ...... ............... 14

c. Fluid Deaeration System .... ............ 15

d. Test Bench ........... ................... 18

e. Instrumentation and Data Handling System . ... 19

"2. DATA RECORDING AND PROCESSING ................... 21

3. PRESSURE MEASUREMENT ....... ................ 23

4. FLOW MEASUREMENT . .......... ................. 24

a. Hot Film Anemometer Flow Measurement Development 27

b. Baseline Setup and Anemometer Usage C alibration/3

Opt imizatin ............................... 31

5. ANCILLARY INSTRUMENTATION .... ............. 39

IV FREQUENCY RSPONNSF VERIFICAT!ON TESTS ......... 40

1. B•ASIC ItSFiq PROGRAHM ANT) PUMP MODI)FL \EIVIFI(CATION . . 4 1

l. tSFR Deve't ,l: lh v 1,q)IIenit . . . . . . . . . .. 4 1

(,1) (:tt.,lgt izted PUlMP :,id ký111'(W T'I ' Szibroul i11C.. 41

(2) ;.,,t t Lr- SVS 1 IDII) ln , P1t111 11) 14 1 1 f ,PCtV

True A\il~vsi• . ................. . . 4 2

i V



SECTION PACE

(a) HSFR PUMP Subroutine - Inlet and Torque
Analysis ......... ................. .. 42

(b) Input Data for Return System And Pump
Hanger Torque Analysis ... .......... 43

(c) Pump Piston Cylinder Cavitation ...... .. 44

(d) Pump Hanger Torque ..... ............ 44

(e) Effect of Pump Inlet Modeling on Pressure
System Pulsations .... ............. .. 47

(f) Pump Precompression .... ............ .. 50

(3) Miscellaneous HSFR Program Model Developments 51

b. HSFR Pump and Basic System Model Verification . . .. 51

(1) Test Set-ups and Circuit Models .. ........ 52

(2) Processing of Frequency Response Data ..... 53

(3) MIL-H-5606B/9 Ft. System Tests ........... .. 55

(4) MIL-H-83282A/9 Ft. System Tests .. ........ 60

(5) MIL-H-83282A/Trombone System Tests ......... .. 63

c. Conclusions ............ ..................... .. 64

2. PULSCO ACOUSTIC FILTER MODEL VERIFICATION .......... .. 66

a. Test Results and Model Verification ........... .. 69

b. Conclusions ............ ....................... . .. 71

3. F-15 UTILITY FILTER MANIFOLD VERIFICATION ....... 75

4. F-4 RESONATOR VERIFICATION TESTS ..... ............ .. 81

5. FLEXIBLE HOSE VERIFICATION ....... ............... .. 86

6. JET FUEL STARTER (JFS) ACCUMULATOR VERIFICATION ..... .. 92

7. HSFR - SUMMARY AND CONCLUSIONS ..... ............. .. 96

V COMPUTER SIMULATION AND TRANSIENT TEST RESULTS ....... .. 99

1. LINE MODEL VERIFICATION .......... ................. .. 102

a. HYTRAN Computer Simulation with Line Test Data . . 102

b. Effect on Dynamic Friction on Transients ......... .. 113

c. High Temperature Line Model Verification ...... .. 113

d. Conclusions ............ ..................... .. 117

2. HYTRAN CAVITATION MODEL VERIFICATION ... .......... .. 119

a. Computer Simulation with Return Line Test Data . . . 119

b. Conclusions ........ .................... ..... . 130

v



SECTION PAGE

3. PUMP MODEL VERIFICATION ......... ................ 131

a. Test Seriesk63 - Transient Tests with Check Valves
in Pump Manifold .......... .................. 132

b. Test Series 64 - Transient Tests without Check
Valves in Pump Manifold ....... .............. 135

c. Test Series 65 - Pump Transient Tests without Check
Valves in the Manifold ...... ............... .. 140

d. Verification of the HYTRAN Pump Model ....... 142

e. Conclusions ............. ..................... .. 159

4. FILTER MODEL VERIFICATION ....... ............... 160

a. Computer Simulation with Filter Test Data ..... 162

b. Observations ............ .................... 173

c. Using Filter Model with Heat Exchanger Test Data 177

d. Conclusions ............. ..................... .. 180

5. CHECK VALVE MODEL VERIFICATION .... ............ . 181

a. Computer Verification of Check Valve Model with Test

Data .................. ....................... 183

b. Verification of the Check Valve Model with Return
Side Test Data ............ ................... 192

c. Conclusions ............. ..................... .. 194

6. RESTRICTOR MODEL VERIFICATION ..... ............. 195

a. Computer Simulation with Restrictor Test Data . . 197

b. Observations ............ .................... .. 202

c. Conclusions ............. ..................... .. 202

7. ONE-WAY RESTRICTOR MODEL VERIFICATION .. ......... .. 206

a. Computer Simulation with One-Way Restrictor Test Data 207

b. Conclusions ............. ..................... .. 211

8. HOSE MODEL VERIFICATION ......... ................ 215

a. Computer Simulation with Hose Test Data ...... 217

b. Conclusions ............. ..................... .. 232

9. TWO STAGE RELIEF VALVE MODEL VERIFICATION ....... 232

a. Computer Simulation without Test Data ....... 234

b. Observations ............ .................... .. 240

c. Conclusions ............. ..................... .. 240

vi



SECTION PAGE

10. HYTRAN PROGRAM VERIFICATION FOR PRESSURE EFFECTS . . .. 241

a. Test Results and Computer Program Verification . . 241

b. Conclusions ........... ..................... ... 255

11. HYTRAN PROGRAM VERIFICATION FOR AIR EFFECTS AND RESERVOIR
MODEL ................. .......................... ... 265

a. Cavitation Effects Testing at Different Air Contents. 266

b. Conclusions ................. ..................... 281

12. VALVE CONTROLLED ACTUATOR MODEL VERIFICATION ...... .. 283

a. Computer Simulation with F-15 Stabilator Test Data 285

b. Conclusions ......... ..................... 291

13. SUBSYSTEM MODEL VERIFICATION ...... .............. .. 291

a. Computer Simulation with Test Data .. ......... .. 292

b. Conclusions ........... ..................... ... 297

14. TWO PUMP TESTING AND SYSTEM VERIFICATION ............ ... 297

a. Computer Simulation ....... ................. ... 300

h. Conclusions ........... ..................... ... 301

15. F-15 COMPENSATED CHECK VALVE TESTING ... .......... .. 304

16. ACCUMULATOR TRANSIENT TEST DATA .... ............. ... 306

a. Conclusions ........... ..................... ... 317

Vi STEADY STATE VERIFICATION TESTS ...... ............... .. 318

1. ESSENTIAL COMPONENT TEST DATA ...... .............. .. 318

2. SUPPLEMENTAL COMPONENT TEST DATA .... ............. ... 334

3. STEADY STATE TESTING WITH THE F-15 INSTRUMENTED PUMP . . 344

a. Comparison - Heat Rejection Characteristics .... 345

b. Comparison - Case Drain Flow Characteristics ..... 346

c. Conclusions ............ ...................... ... 349

4. STEADY STATE TWO-PUMP SYSTEM VERIFICATION .. ........ .. 349

a. Computer Simulation of the Two--Pump System ...... .. 349

b. Conclusions ............ ...................... ... 354

VII THERMAL VERIFICATION TESTS ......... .................. .. 355

1. THERMAL LINE MODEL VERIFICATION .... ............. .. 355

a. Computer Simulation with Line Test Data .. ....... .. 356

b. Conclusions .................. ...................... 363

vii



SECTION PAGE

2. THERMAL RESTRICTOR MODEL VERIFICATION ... .......... .. 363

a. Computer Simulation with Restrictor Test Data . . .. 365

b. Conclusions ............ ..................... .. 382

3. PUMP MODEL VERIFICATION .............. ................. 382

a. F-15 Instrumented Pump Test Data ... .......... .. 384

b. Conclusions .............. ..................... .. 384

4. HEAT EXCHANGER MODEL VERIFICATION .... ............ .. 395

a. Computer Simulation with Heat Exchanger Test Data . 395

b. Conclusions ............ ..................... .. 397

5., F-15 SPEEDBRAKE THERMAL TESTS ...... .............. .. 399

a. Computer Simulation with Test Data .. ......... .. 399

b. Conclusions .............. ..................... .. 400

VIII DISCUSSIONS AND CONCLUSIONS .......... ................. .. 406

1. AHSPA PROGRAM PHILOSOPHY AND EMPHASIS ... .......... .. 406

2. LABORATORY TEST PROGRAM EXPERIENCE ... ........... .. 407

a. Prp~.cqtrp Tn.-firu mnnti- n" I-........................

b. Transient Flow Measurement ..... ............. .. 407

c. F-15 Pump Instrumentation ...... .............. .. 408

d. Transient Control Valve ...... ............... .. 408

e. Mechanical and Electrical Hose ... ........... .. 408

3. COMPUTER PROGRAM VERIFICATION AND STATUS.. . ....... ... 409

a. HSFR Computer Program ........ ................ .. 409

b. HYTRAN Computer Program ........ .............. 411

(1) Line Model ............ ................... .. 412

(2) Cavitation Model ........ ................ .. 413

(3) F-15 Pump Model ......... ................ 413

(4) Filter Model .......... .................. .. 413

(5) Check Valve Model ......... ............... 414

(6) Restrictor Models ....... ............... .. 414

(7) Hose Model ............ ................... .. 414

(8) Two Stage Relief Valve Model .. ......... 414

(9) Air Effects Simulation .... ............. .. 415

(10) Valve Controlled Actuator Model .. ........ .. 416

(11) Accumulator M'odel ....... ............... .. 416

(12) Subsystem Model ....... ................. ... 417

(13) Two Pump System Verification ... .......... .. 417

viii



SECTION PAGE

c. SSFAN Computer Program Verification ........... ... 417

(1) Essential Components ........ ......... 417

(2) Supplemental Components .... ............ .. 417

(3) Steady State F-15 Pump Testing ........... ... 417

(4) Steady State Two-Pump System Verification. . .. 418

d. HYTTHA Computer Program Verification ........ .. 418

(1) Line Model ......... ................... .. 418

(2) Restrictor Model ....... ................ .. 418

(3) Pump Model ......... ................... .. 418

(4) Heat Exchanger Model ..... .............. .. 418

(5) Subsystem Model ...... ................ .. 418

IX RECOMMENDATIONS ............. ....................... .. 419

1. SUMMARY OF RECOMMENDATIONS ...... ................ .. 419

a. Priority Recommendations for Future Computer Effort 419

b. Priority Recommendations for Compleme!Ltary Effort . 419

2. SOURCE OF RECOMMENDATIONS ..... ................ .. 423

3. DETAILED RECOMMENDATIONS AND DISCUSSION ............ 423

a. Additional Computer Program Work ... .......... .. 423

(1) HSFR Recommendations ..... .............. .. 423

(a) Vane Pump Model Development .......... .. 423

(b) Axial Piston Motor Model .. ......... .. 424

(c) Improve Program Accuracy and Capability . 424

(d) Pump Compensator Valve Dynamics ...... .. 424

(e) Frequency Dependent Friction Effects. . .. 424

(2) HYTRAN Recommendations .... ............. .. 424

(a) Vane Pump Model ..... .............. .. 424

(b) Axial Piston Motor .. ....... .. ... .... 424

(c) Further F-15 Pump Testing and Model Develop-
ment .......... ................... .. 424

(d) Cavitating Pump Model ... ........... .. 425

(e) Reservoir Level Sensing Modification to the
Reservoir Subroutine ... ........... .. 425

(f) Lossless Line Model .... ............ .. 425

(g) Bulk Modulus Updated in the Line Subroutine

(3) SSFAN Recommendations .... ............. .. 425

(a) Flow Regulator Model .... ............ ... 425

(b) Verify SSFAN at Low Temperature ...... .. 426

ix



SECTION PAGE

(c) SSFAN Quasi-Transient Mcdel .. ........ .. 426

(d) Single Node Constant Pressure Model .... 426

(e) Simplify the Building Routines ....... ... 426

(f) Complex Hydraulic System Analysis ..... .. 426

(g) Floating Branch Point Model .. ........ .. 427

(h) Constant Displacement Pump Model ...... .. 427

(i) Pressure Regulator Model ... .......... .. 427

(j) Hydraulic Motor Model .... ............ ... 427

(k) Modify the Special Component Model ..... .. 427

(1) Dynamic Cross Model .... ............. ... 427

(4) HYYTHA Recommendations .... ............. .. 427

(a) Further HYTTHA Development and Verification. 427

b. Recommended Development of a Hydraulic System Line
Mechanical Response (HCMR) Computer Program ..... .. 428

c. Verification of Existing Programs on a Complete Aircraft
Hydraulic System ......... ................... .. 428

d. Recommended Computer Program Development and Applica-
tion ............... ......................... ... 428

e. Recommended Program User Experience Feedback and Inter-
change to be Implemented through the APL ....... ... 428

f. Recommended Hardware Development Programs ......... ... 429

(1) Wide-Band Acoustic Attenuator ............ ... 429

(2) Harmonic Free Hydraulic Pulsation Generator . . 429

(3) Dynamic Flow Measurement .... ............ .. 429

(4) Pump Modifications to Reduce Acoustic Energy 429

g. Recommended Military Specification Revisions and Addi-
tions .............. ........................ .. 429

(1) MIL-P-19692C Hydraulic Pump Spec Modification . 429

(2) MIL-H-5440 General Spec Modification ...... .. 430

(3) MIL-Spec Specifying Component Data .......... ... 430

h. Newtonian vs. Non-Newtonian Fluid Characteristics 431

X



LIST OF ILLUSTRATIONS

1,'[GULRE PAGE

1 Test Run Number Definition ................. .................. 4

2 Modified Victor Solenoid Valve (shown in Pressure Opened
Spring Closed Configuration) ................ ................. 6

3 Long Line Test Configuration .......... ...... ................. 7

4 Undamped Line Mechanical Vibrations ............ ............. 8

5 Damped Line Mechanical Vibrations .............. 8

6 Lines Unclamped ....................... ........................ 9

7 Lines Clamped ................... ..... ......................... 9

8 63-03-XH Turn-Off Transient ......... ....... ................. 10

9 64-03-XH Turn-Off Transient ........... ................. 11

10 65-03-XH Turn-Off Transient ........... ................. 11

11 Hydraulic Performance Analysis Facility ... ........... 14

12 Pump Drive System ................. ...................... 15

13 Fluid De-aeration System ............ ................... 16

14 De-aeration Unit Hydraulic Schematic ...... ............. 17

15 Steady State and Transient Test Bench Hydraulic Schematic 19

16 Instrumentation Section ........... ................... 20

17 Wang 2200B Programmable Calculator System ... .......... 21

18 Instrumentation and Data Flow Block Diagram .. ......... 22

19 Ramapo Flowmeter Schematic Diagram ...... .............. 24

20 Turn-off Transient with Ramapo Flow Meter ... .......... 25

21 Test Setup with Ramapo Flow Meter ....... .............. 26

22 Turn-Off Transient with Ramapo Flow Meter in New Test Setup 26

23 Model 1229 Hot Film Probe ........... .................. 27

24 Placement of Sensor in 1/2" Line ........ ............... 28

25 Hot Film Sensor Data in 1/2" Line ....... .............. 29

26 Hot Film Sensor Rotated 900 ............. ................. 30

27 Hot Film Sensor Data in 1/2" Line Rotated 900 .......... 30

28 Hot Film Sensor Data in 1/2" Line ....... .............. 31

29 Hot Film Sensor Rotated Greater than 900 .... .......... 32

30 Hot Film Sensor Rotated Less than 900 ..... ............ 32

xi



LIST OF ILLUSTRATIONS (Continued)

FIGURE PAGE

31 Hot Film Sensor Rotated 900 in 1/?" x 30 Ft Tube .......... 33

32 Calibration of Q1 Anemometer .................................. 34

33 Predicted Velocity Transients at Three Locations in a Line
During a Waterhammer Experiment ......... ................ 35

34 Calibration of Q1 Anemometer .12" From Center Line of 1/2" Tube. 36

35 Calibration of QI Anemometer .09" From Inner Wall of 1/2" Tube 37

36 Calibration of Qi Anemometer 1250 +10OF ........... ............ 38

37 QI Flow Turn-Off Transient ............ ................... 38

38 Q4 Flow Turn-Off Transient ............ ................... 39

39 Hanger Actuator Control Pressure ........ ................ 45

40 F-15 Hydraulic Pump Hanger Torque ......... ............... 46

41 F-14 Hydraulic Pump Hanger Torque ......... ............... 47

42 F-1.5 PCI Pump Outlet Pressure KTYPE = 21 .... ............ 48

43 F-15 PCI Pump Outlet Pressure KTYPE = 22 .... ............ 48

44 F-15 Inlet and Outlet Pressures KTYPE = 23 ... ........... 49

45 Computed Precompression of F-15 Pump ...... .............. 50

46 Hydraulic Pump Verification Test Setup ...... ............. 52

47 9 Ft. Test System Schematic ........... .................. 52

48 Schematic of HSFR Trombone Test System ...... ............. 53

49 HSFR Input Data for Short Line Test Circuit ... .......... 54

50 HSFR Input Data for Trombone Test Circuit ... ........... 54

51 Computed vs. Measured P1 Pressure, 0 GPM .... ............ 56

52 Computed vs. Measured P1 Pressure, 0.5 GPM ... ........... 56

53 Computed vs. Measured P1 Pressure, 2 GPM .... ............ 57

54 Computed vs. Measured P1 Pressure, 10 GPM ... ........... 57

55 Short (9 Ft) Line Standing Pressure Wave at 3900 RPM ...... 58

56 Short Line Computed vs. Measured P1 Pressure .................. 59

57 Computed vs. Measured P1 Pressure, 2nd Harmonic .. ........ 60

58 Computed vs. Measured P1 Pressure, 2 GPM .... ............ 60

59 Comparison between MIL-H-5606B and MIL-H-83282 In the Short Line
Test Circuit .................... .......................... 61

60 Adiabatic Tangent Bulk Modulus for MLO-7261 and MIL-H-5606 . . . 62

xii



LIST OF ILL.USTRATIONS (Continued)

FIGURE PAGE

61 Computed vs. Measured P1 Pressure, 210 0 F, 0.5 GPM ....... 63

62 Computed vs. Measured P6 Pressure, 210'F, 0.5 GPM ....... 64

63 Peak Acceleration vs. Pump RPM ...... ................ .. 65

64 Puisco Hydraulic Acoustic Filter Computer Model ........ 67

65 Pulsco Acoustic Filter Test Set-up .... .............. .. 68

66 HSFR Input Data for Pulsco Test Circuit .. ............ 68

67 Computed vs. Measured P1 Pressure, 2 GPM ... ........... 69

68 Computed vs. Measured Pump Outlet Pressure Configuration I 70

69 Computed vs. Measured Pump Outlet Pressure Configuration II . 71

70 Computed Pump Outlet Pressure Configuration I ........ 72

71 Computed Pump Outlet Pressure with 4 Pulsco Unit Configurations 72

72 FiA Iron Bird LH Utility System 18.5 In. Location ....... 73

73 F-15 Iron Bird LH Utility System 26.5 In. Location ...... 74

74 F-15 Filter Manifold HSFR Verification Test Setup 75

75 HSFR Input Data for the F-15 Filter Manifold Test Circuit . . 76

76 F-15 Filter Manifold Verification ..... ............... .. 77

77 F-15 Filter Manifold Verification 2 GPM 100OF Fundamental . . 77

78 F-15 Filter Manifold Verification 2 GPM 210 0 F Fundamental . . 78

79 F-15 Filter Manifold Verification Test Standing Pressure Wave
2075 RPM 100 0 F, 2 GPM .......... ..................... ... 79

80 F-15 Filter Manifold Verification Test Standing Pressure Wave
2375 RPM 210°F, 2 GPM ........... ..................... ... 79

81 F-15 Filter Manifold Verification Test Standing Pressure Wave

3500 RPM, 1000 F, 2 GPM .......... .................... .. 80

82 F-15 Filter Manifold Verification Test Standing Pressure Wave

4800 RPM, 210 0F, 2 GPM .......... .................... .. 80

83 F-4 Resonator HSFR Verification Test Setup .. .......... 81

84 HSFR Input Data for F-4 Resonator Verification ........ 82

85 F-4 Resonator Upstream Location Fundamental ............ 83

86 F-4 Resonator Downstream Location Fundamental ........ 83

87 F-4 Resonator Verification Pressure Standing Wave Upstream

Location ................ ............................ ... 84

88 F-4 Resonator Verification Pressure Standing Wave Downstream
Location .................. ........................... .. 84

89 F-4 Resonator - Downstream Location Peak Response ....... 85

90 F-4 Resonator - Upstream Location Peak Response ........ 85

xiii



LIST OF ILLUSTRATIONS (Continued)

FFIGU RE PAGE

91 HSFR Hose Verification Test Circuits .... ............. .. 86

92 Bulk Modulus of One Inch Flex Hose ....... .............. .. 87

93 HSFR Input Data for Hose Verification Test ... .......... 88

94 Straight Line 1 x .058 x 128 Inches Maximum Fundamental Peak
Response ................... ............................ .. 88

95 Steel Braided Hose Upstream Location Fundamental ....... 89

96 Steel Braided Hose Downstream Location Fundamental ...... 90

97 Hose Maximum Fundamen,.al Peak Response - Upstream Location 90

98 Hose Maximum Fundamental Peak Response - Downstream Location 91

99 JFS Accumulator Test Circuits ........ ................. .. 93

100 HSFR Input Data for JFS Accumulator Verification ....... 94

101 JFS Accumulator Upstream Location Fundamental ........... .. 94

102 JFS Accumulator Maximum Fundamental Peak Response - Upstream
Location .................. . .......................... 95

103 JFS Accumulator Downstream Location Fundamental ........ 95

104 JFS Accumulator Maximum Fundamental Peak Response - Downstream
Location ................... ............................ .. 96

105 Steady State and Transient Test Bench Hydraulic Schematic 99

106 Recording a Turn-Off Transient ........ ................ .100

107 Input and Output of Computer Line Simulation .. ......... .. 101

108 Computer Program Schematic of Test System Using P1 Data Input 103

109 Transient Line Test Configuration ...... ............... .. 104

110 HYTRAN Schematic of Test System Using P1 and P4 Data Input 105

ill P1 Test Data for Turn-Off Transient ...... .............. .. 107

112 Input Data for Turn-Off Transient Line Simulation ....... 108

113 Computed vs. Measured P4 Pressure For a Turn-Off Transient 108

114 Computed vs. Measured Q1 Flow for a Turn-Off Transient . ... 109

115 Computed vs. Measured Q4 Flow for a Turn-Off Transient . ... 109

116 P1 Test Data for a Turn-On Transient .................... 110

117 Input Data for a Turn-On Transient Line Simulation .1.1.1...

118 Computed vs. Measured P4 Pressure For a Turn-On Transient 111

119 Computed vs. Measured 01 Flow for a Turn-On Transient ..... 112

120 Computed vs. Measured Q4 Flow for a 'Turn-On Transient ..... 112

xiv



LIST OF ILLUSTRATIONS (Continued)

FIGURE PAGE

121 Line Simulation without Dynamiz Friction- P4 Pressure .... 114

122 Line Simulation without Dynamic Friction - Qi Flow ..... 114

123 10C05-P1 Turn-Off Transient ......... ................ 115

124 1OC05 Turn-Off Transient Computer Input Data ........ 115

125 IOC05-P4 Turn-Off Transient ......... ................ 116

126 IOC05-Q2 Turn-Off Transient ......... ................ 116

127 10C05-Q4 Turn-Off Transient ......... ................ 117

128 10C05+P1 Turn-On Transient ........ ................. .118

129 1OC05+P4 Turn-On Transient ........ ................. .. 118

130 1OC05-4Q4 Turn-On Transient ........ ................. .. 119

131 Return Side Transient Test Configuration 1/2 In Dia x 30 Ft 120

132 10-07-P5 Turn-Off Transient ......... ................ 121

133 10-07-P4 Turn-Off Transient......................................122

134 10-07 Return Line Turn-Off Transient Computer Input Data 122

135 10-07-PlE Turn-Off Transient ...... ................ .. 123

136 10-07-P2E Turn-Off Transient ........ ................ .. 123

137 10-07-P3E Turn-Off Transient .................. ............... 324138 10-07-Q2E Turn-Off Transient.............................. 1324

138 10-07-Q2E Turn-Off Transient ...... ................ .. 124

139 10-07-Q3E Turn-Off Transient .......... ................ 125
140 10-07+P4 Turn-On Transient . .. .. .. .. .. .. . .. 126

141 10-07+P5 Turn-On Transient ........ ................. .. 126

142 10-07 Turn-On Transient Computer Input Data ........ 127

143 10-07+P1 Turn-On Transient ........ ................. .. 127

144 10-07+Q2 Turn-On Transient ... ................ 128

1.45 10-07+PIA Turn-On Transient ..... ............. 129

146 10-07+P2A Turn-On Transient ......... ................ 129

147 10-07+Q2A Turn-On Transient ......... ................ 130

148 Transient Pump Test Setup ......... ................. .. 132

149 63-03-PI Turn-Off Transient ....... ................. .. 134

150 63-03-P5 Turn-Off Transient ....... ................. .. 134

151 63-03-PP Turn-Off Transient ....... ................. .. 136

152 63-03-PC Turn-Off Transient ....... ................. .. 137

153 63--03-PS Turn-Off Transient ....... ................. .. 137

xv



LIST OF ILLUSTRATIONS (Continued)

FIGURE PAGE

154 63-03-PCD Turn-Off Transient ....... ............... 138

155 64-03-PI Turn-Off Transient ...... ................ 138

156 64-03-PP Turn-Off Transient ...... ................ 139

157 Compensator Spool Position Compared to Pump Outlet Pressure. 139

158 64-03-PS Turn-Off Transient ...... ................ 140

159 64-03-PC Turn-Off Transient .............................. 141

160 64-03-PCD Turn-Off Transient ..... ................ ... 141

161 Hytran Schematic Diagram for Pump Verification ....... 143

162 F65-03-PS Turn-Off Transient ..... ................ .. 143

163 65-03-PS Turn-Off Transient ...... ................ .. 144

164 F65-03-PCD Turn-Off Transient .... ............... .. 145

165 0.012" Valve Overlap .......... .................. 147

166 0.016" Valve Overlap .......... .................. 148

167 0.020" Valve Overlap .......... .................. 148

168 Hytran Input Data for Pump Turn-Off Transient ....... 149

169 65-03-Pi Turn-Off Transient ...... ................ 151

170 65-03-P5 Turn-Off Transient ...... ................ 151

171 F65-03-PC Turn-Off Transient ..... ................ .. 152

172 F65-03-PP Turn-Off Transient ....... ............... 152

173 65-03-XH Turn-Off Transient ...... ................ 153

174 65-03-XC Turn-Off Transient ...... ................ 153

175 65-03+PS Turn-On Transient ....... ................ 154

176 65-03-iPCD Turn-On Transient ...... ................ 154

177 Hytran Input Data for Pump Turn-On Transient ....... 155

178 F65-03+Pl Turn-On Transient ........ ............... 156

179 65-03+P5 Turn--On Transient .......... ............. 156

180 F65-03+PC Turn-On Transient ........ ............... 157

181 F65-03+PP Turn-On Transient ........ ............... 157

182 05-03+ XH Turn-On Transient ...... ................ 158

183 65-03+X(C Turn-On Transient ............. .................. 158

184 AC-Y00-61 Oil Filter ........... ................... 160

xvi



LIST OF ILLUSTRATIONS (Continued)

FIGURE PAGE

* 185 Filter Specifications ....... ................. .. 161

186 Downstream Transient Test Configuration for AC-900-61 Oil
Filter ................ ........................ 161

187 Upstream Transient Test Configuration for AC-900-61 Oil

Filter ................ ........................ 163

188 50B02+Pl Turn-On Transient .... ............... .. 163

189 Run 50B02 Hytran Input Data for Filter Model Verification 164

190 50B02+P2 Turn-On Transient .... ............... .. 165

191 50BO2+P3 Turn-On Transient .... ............... .. 165

192 50BO2+P4 Turn-On Transient .... ............... .. 166

193 50BO2+Q2 Turn-On Transient .... ............... .. 167

194 51BO2-PI Turn-Off Transient .... ............... .. 167

195 Run 51B02 Hytran Input Data for Filter Model Verification 168

196 51BO2-P3 Turn-Off Transient ..... .............. 168

197 51BO2-Q2 Turn-Off Transient ..... .............. 169

198 51BO2-Q3 Turn-Off Transient ..... .............. 169

199 50A01-Pl Turn-Off Transient ..... .............. 170

200 Run 50A01 Hytran Input Data for Model Filter Verification 171

201 50AOI-P2 Turn-Off Transient .... .............. 171

202 50AOI-P3 Turn-Off Transient ..... .............. 172

203 50AO1-P4 Turn-Off Transient ..... .............. 172

204 50AO-Q2 Turn-Off Transient ..... .............. 173

205 31AOI-P1 Turn-Off Transient ..... .............. 174

206 Run 51AO1 Hytran Input Data for Filter Model Verification 174

207 51AOI-P2 Turn-Off Transient ..... .............. 175

208 51AO1-P3 Turn-Off Transient ..... .............. 175

209 51AOI-P4 Turn-Off Transient ..... .............. 176

210 51AO1-Q2 Turn-Off Transient ..... .............. 176

211 Heat Exchanger Test Configuration .. ........... 178

212 62-08+P6 Turn-On Transient ...... .............. 178

213 62-08+PI Turn-On Transient ...... .............. 179

214 62.-08+P2 Turn-On Transient ...... .............. 179

xvii



LIST OF ILLUSTRATIONS (Continued)

FIGURE PAGE

215 62-08+P3 Turn-On Transient ....... .. ............. .. 180

216 MCAIR Miniature Check Valve ....... .............. 181

217 Transient Test Configuration - MCAIR Miniature Check
Valve 7M92-8 ............... ...................... .. 182

218 55-01-PI Turn-Off Transient ...... ............... .. 183

219 Run 55-01 Hytran Input Data for a Turn-Off Transient 184

220 55-01-P3 Turn-Off Transient ........ .............. 184

221 55-01-P4 Turn-Off Transient ........ .............. 185

222 55A01-P3 Turn-Off Transient ........ .............. 186

223 55A01-P4 Turn-Off Transient ........ .............. 187

224 55-01-Q2 Turn-Off Transient ........ .............. 187

225 55-05-Q3 Turn-Off Transient ........ .............. 188

226 55-01+PI Turn-On Transient ........ .............. 188

227 Run 55-01 Hytran Input Data for A Turn-On Transient . 189

228 55-01+P2 Turn-On Transient ........ .............. 189

229 55-01+P3 Turn-On Transient ........ .............. 190

230 55-O1+P4 Turn-On Transient ........ .............. 190

231 55-01+Q2 Turn-On Transient ........ .............. 191

232 55-01+Q3 Turn-On Transient ........ .............. 192

233 Return Side Test Configuration ..... ............. 192

234 55-07-P6 Turn-Off Transient ........ .............. 193

235 55-07-Pi Turn-Off Transient ........ .............. 193

236 55-07-P4 Turn-Off Transient ........ .............. 194

237 Lee Jet and Lee Visco Jet ....... ............... 195

238 Transient Test Configuration for Lee Jet and Lee Visco Jet 196

239 60-01-PI Turn-Off Transient ........ .............. 198

240 Run 60-01 Hytran Input Data for Lee Jet ........ 198

241 60-01-P2 Turn-Off Transient ........ .............. 199

242 60-01-P3 Turn-Off Transient ........ .............. 199

243 60-01-Q2 Turn-Off Transient ........ .............. 200

244 59-01-PI Turn-Off Transient ........ .............. 201

245 59-01-P2 Turn-Off Transient ........ .............. 201

xviii



LIST OF ILLUSTRATIONS (Continued)

FIGURE PAGE

246 59-01-P3 Turn-Off Transient ......... ................ .. 202

247 59-01+PI Turn-On Transient ......... ................ 203

248 Run 59-01 Hytran Input Data for Lee Visco Jet ....... 203

249 59-01+P2 Turn-On Transient ........ ................. .. 204

250 59-01+P3 Turn-On Transient ................................ 204

251 5J-01+Q2 Turn-On Transient ........ ................. .. 205

252 Comparison Between P2 and P3 for a Lee Jet Turn-Off Transient 205

253 Type 33 One-Way Restrictor ......... ................ 206

254 Transient Test Configuration for a One-Way Restrictor 207

255 56-01-PI Turn-Off Transient ........ ................ .. 208

256 Run 56-01 Hytran Input Data for a Turn-Off Transient • - • 208

257 56-01-P2 Turn-Off Transient ........ ................ .. 209

258 56-01-P3 Turn-Off Transient ........ ................ .. 209

259 56-01-P4 Turn-Off Transient ......... ................ .. 210

260 56-01--Q3 Turn-Off Transient ......... ................ .. 210

261 56-01+PI Turn-On Transient ......... ................ 212

262 Run 56-01 Hytran Input Data for a Turn-On Transient . . . 212

263 56-01+P2 Turn-On Transient ......... ................ 213

264 56-01+P3 Turn-On Transient .......... ................ 213

265 56-01+P4 Turn-On Transient .......... ................ 214

266 56-01+Q3 Turn-On Transient ......... ................ 214

267 Transient Test Configuration For 1/4" and 5/8" Flexible Hoses 215

268 57-01-PI Turn-Off Transient ......... ................ .. 217

269 Run 57-01 Hytran Input Data for Turn-Off Transient ..... 218

270 57-01-P2 Turn-Off Transient ......... ................ .. 218

271 57-01-P3 Turn-Off Transient ......... ................ .. 219

272 57-01-P4 Turn-Off Transient ......... ................ .. 219

273 57-01-Q2 Turn-Off Transient ......... ................ .. 220

274 57-01-P2A Turn-Off Transient .......... ............... 221

275 57-O1-P3A Turn-Off Transient .......... ............... 221

276 57-01-P4A Turn-Off Transient .............................. 222

xix



LIST OF ILLUSTRATIONS (Continued)

FIGURE PAGE

277 57-01+P1 Turn-On Transient .. ................ 222

278 Run 57-01 Hytran Input Data for a Turn-On Transient .... 223

279 57-01+P2 Turn-On Transient ...... ................ .. 223

280 57-01+P4 Turn-On Transient ...... ................ .. 224

281 57--01+Q4 Turn-On Transient ...... ................ .. 224

282 58-01-Pl Turn-Off Transient ..... ................ .. 225

283 Run 58-01 Hytran Input Data for a Turn-Off Transient 226

284 58-01-P2 Turn-Off Transient ....... ............... 226

285 58-01-P3 Turn-Off Transient ....... ............... 227

286 58-01-P4 Turn-Off Transient ....... ............... 227

287 58-01-Q2 Turn-Off Transient ....... ............... 228

288 58-01-Q4 Turn-Off Transient ....... ............... 228

289 58-01+Pl Turn-On Transient ........ ............... 229

290 Run 58-01 Hytran Input Data for a Turn-On Transient .... 230

291 58-01+P2 Turn-On Transient .............................. 230

292 58-01+P3 Turn-On Transient .............................. 231

293 58-01+P4 Turn-On Transient ........ ............... 231

294 58-01+Q2 Turn-On Transient .. .... ............... 232

295 Type No. 34 Two Stage Relief Valve ... ............ .. 233

296 Two Stage Relief Valve Te,ý, Bench Schematic ........ 234

297 Pressure 0.0 Inches along Line 2 .... ............ 235

298 Flow 0.0 Inches along Line 2 .... ............ 236

299 Pressure 20.0 Inches along Line 3 ... ............ 236

300 Pressure 0.0 Inches along Line 3 .... ............ 237

301 Flow 0.0 Inches along Line 3 ...... .............. 238

302 Poppet Position ............. ..................... 238

303 Cavity Pressure - PCAV ........ .................. .. 239

304 Pressure 0.0 Inches Along Line 4 .... ............. 239

305 Flow 0.0 Inches along Line 4 ...... ............... 240

i306 Pressure Effects Test System Schematic .. .......... 243

xx



LIST OF ILLUSTRATIONS (Continued)

FIGURE PACE

307 71-01-PI Turn-Off Transient ......... ................ .. 243

308 71-01-P7 Turn-Off Transient ......... ................ .. 244

309 Run 71-01 Hytran Input Data for a Turn-Off Transient .... 244

310 71-01-F2 Turn-Off Transient ................ ................ 245

311 71-O1-Q2 Turn-Off Transient ......... ................ .. 245

312 71-01-P3 Turn-Off Transient ......... ................ .. 246

313 71-01-P4 Turn-Off Transient ......... ................ .. 246

314 71-01-P6 Turii-Off Transient ......... ................ .. 247

315 Run 71-01 Hytran Input Data for a Turn-On Transient .... 248

316 71-01+PI Turn-On Transient ................... 248

317 71-01+P7 Turn-On Transient .......... ................ 249

318 71-01+P2 Turn-On Transient .......... ................ 249

31.9 71-01+Q2 Turn-On Transient .......... ................ 250

320 71-01+P3 Turn-On Transient .......... ................ 250

321 71-01+P4 Turn-On Transient .......... ................ 251

322 71-15-Pi Turn-Off Transient ......... ................ .. 251

323 71-15-P7 Turn-Off Transient ......... ................ .. 252

324 Run 71-15 Hytran Input Data for a Turn-Off Transient . . .. 252

325 71-15-P2 Turn-Off Transient ......... ................ .. 253

326 71-15-Q2 Turn-Off Transient ......... ................ .. 253

327 71-15-P3 Turn-Off Transient ......... ................ .. 254

328 71-15-P4 Turn-Off Transient ......... ................ .. 254

329 Run 71-15 Hytran Input Data for a Turn-On Transient . . . 255

330 71-15+P1 Turn-On Transient .......... ................ 256

331 71-15+P7 Turn-On Transient .......... ................ 256

332 71-15+P2 Turn-On Transient .. ................ 257

333 71-15+Q2 Turn-On Transient .......... ................ 257

334 71-15+P3 Turn-On Transient ................................ 258

335 71-15+P4 Turn-On Transient .......... ................ 258

xX1



LIST OF ILLUSTRATIONS (Continued)

FIGURE PAGE

336 Run 71-25 Hytran Input Data for a Turn-Off Transient . 259

337 71-25-PI Turn-Off Transient ............... 259

338 71-25-P7 Turn Off Transient 260

339 71-25-P2 Turn-Off Transient .... ............... .. 260

340 71-25-Q2 Turn-Off Transient .... .. ............. 261

341 71-25-P3 Turn-Off Transient .... ............... .. 26L

342 71-25+P2 Turn-On Transient.............................262

343 71-25+Q2 Turn-On Transient ........... .... ............... 22

344 71-25+P3 Turn-On Transient ....... ............... .. 263

345 71-25+P4 Turn-On Transient ..... ............... .. 263

346 Run 71--25 Hytran Input Data for a Turn-On Transient "-264

347 71-25+P1 Turn-On Transient ....... ............... .. 264

348 71-25+P7 Turn-On Transient ....... ............... .. 265

349 Air Effects Test Setup ......... ................. .. 266

35u 70-01-P2 Turn-Off Transient ...... ............... .. 268

351 70-01-P3 Turn-Off Transient .... .. ............. 268

352 70-01-Q3 Turn-Off Transient ...... ............... .. 269

353 70-01-P4 Turn-Off Transient ............................ 269

354 70-01-Q4 Turn-Off Transient .... .............. .. 270

355 70-01-P5 Turn-Off Transient ............................ 270

356 70-A1-P2 Turn-Off Transient ...... ............... .. 271

357 70-01+P2 Turn--On Transient ....... ............... .. 272

358 70-01+P3 Turn-On Transient ....... ............... .. 273

359 70-01+Q3 Turn-On Transient ....... ............... .. 273

360 70-01+P4 Turn-On Transient ....... ............... 1. 274

361 70-01+04 Turn-On Transient ............................. 274

362 1O-01+P5 Turn-On Transient ....... ............... .. 275

363 70-Oj-P2 Turn-Off Transient ............................ 275

364 70-05-,'l Turn-Off Transient . .. . . . . . . . I . . . . 276

365 70-05-Q3 Turn-Off Transient ............................. .. 276

xxii



.. .w ~ .... ,- -,- - , W' ---.• - ""

LIST OF ILLUSTRATIONS (Continued)

FIGURE PAGE

366 70-05-P4 Turn-Off Transient ....... ............... .. 277

367 70-05-P5 Turn-Off Transient ....... ............... .. 277

368 70A05-P2 Turn-Off Transient ............................. 278

369 70-11-P2 Turn-Off Transient ....... ............... .. 278

370 70-11+P2 Turn-On Transient ....... ............... .. 279

371 70-13-P2 Turn-Off Transient ....... ............... .. 280

372 70-15-P2 Turn-Off Transient ....... ............... .. 280

373 70-17-P2 Turn-Off Transient ............................ 281

374 F-15 Stabilator Input Data ....... ............... .. 284

375 F-15 Stabilator Actuator Test Configuration ....... 285

376 Run 67-11 Hytzan Input Data for Actuator Extending . . . 286

377 67-11-PI Actuator Extending ...... ............... .. 286

378 67-11-P4 Actuator Extending ....... ............... .. 287

379 67-II-XC Actuator Extending ............... ............... 287

380 67-l1-P2 Actuator Extending ....... ............... .. 288

381 67-11-P3 Actuator Extending. . .... ................ .. 288

382 67-11-P5 A..tuator Extending ...... ............... .. 289

383 67-11--P6 Actuator Extending ....... ............... .. 289

384 67-11-FF Actuator Extending ....... ............... .. 290

385 F-15 Iron Bird Speedbrake System Configuration ...... 292

386 Run 80A04 Hytran Input Data for Speedbrake Extending . . 293

387 80A04-P1 Speedbrake Extending ...... .............. 294

388 80A04-P6 Speedbrake Extending ...... .............. .. 294

389 80A04-P2 Speedbrake Extending ...... .............. .. 295

390 80A04-P3 Speedbrake Extending. ...... .............. ... 295

391 80A04-P4 Speedbrake Extending ....... .............. .. 296

392 8P104-P5 Speedbrake Extend ing ....... .............. 296

393 Parallel Pump Test Setup ............ ................ 297

394 Hytran Schemat ic of Two Pump Test System ........... 300

195 69-07-111 Turn-On Transient .......... ............... 301

xxiii

,j. . .. . .. .



LIST OF ILLUSTRATIONS (Continued)

FIGURE PAGE

396 69-07+P2 Turn-On Transient .......... ................... .. 302

397 69-07+P5 Turn-On Transient .......... ................... ... 302

398 69-07+PS Turn-On Transient ......... ................... .. 303

399 69-07+PC Turn--On Transient .......... ................... ... 303

400 F-15 Compensated Check Valve .......... .................. .. 304

401 Run 61A07 - P2, P4, P5 and P6 ......... .................. .. 305

402 Run 61A07 - P1 and P3 ............. ...................... .. 305

403 JFS Accumulator ............... ......................... ... 307

404 ACC-3P1 Oil Pressure .............. ...................... .. 308

405 ACC-3P2 Gas Pressure .... ......... ...................... .. 309

406 ACC-3P Piston Position ............ ..................... .. 310

407 ACC-3T Gas Temperature ............ ..................... .. 310

408 Polytropic Specific Heat Ratio vs Time From Start of Charge-Up
From Run AC-3 ....... ........ .......................... 312

409 Polytropic Specific Heat Ratio vs Time From Start of Cbarge-Up

From Run ACC-13 ............... ......................... ... 312

410 ACC-4P1 Oil Pressure .............. ...................... .. 313

411 ACC-4P2 Gas Pressure .............. ...................... .. 313

412 ACC-4P Piston Position ..................... . 314

413 ACC-4T Gas Temperature ............ ..................... .. 314

41 4  Polytropic Specific Heat Ratio vs. Time From Start uf Discharge
From Run ACC--4 ................ ......................... ... 315

415 Polytropic Specific Heat Patio vs Time From Start of Discharge 315

416 Polytropic Specific Heat Ratio vs Time From Start of Discharge
From Run ACC-14 ............... ......................... ... 316

417 Polytropic Specific Heat Ratio vs Total Discharge Time ..... .. 316

418 Flow vs AP For 1/4 x .020 x 30 Ft. Tube - 125 0 F ........... ... 320

419 Flow vs AP For 1/4 x .020 x 30 Ft. Tube - 210OF ........... ... 320

420 Flow vs AP For 1/2 x •028 x 30 Ft. Tube - 125'F ........... ... 322

421 Flow vs AF For 1/2 x .028 x 30 Ft. Tube - 210°F ........... ... 322

422 Flow vs AP For 1/2 x 6 Ft Straight Tuibe .... ............. .. 323

423 Flow vs AP For 1/2 x 6 Ft Tube With 450 Bend ... .......... 323

424 Flow vs t£P For 1/2 x 6 Ft Tube With 90' Bend ... .......... 324

425 Flow vs /P For 6 Ft Tube with Two 900 Bends ... ........... .. 324

xxiv



LIST OF ILLUSTRATIONS (Continued)

FIGURE PAGE

426 Flow vs AP For AN815-8J Union - 125°F ...... .............. .. 325
427 Flow vs AP For AN815-8J Union - 210*F .... .............. ... 325

428 Flow vs AP For AN821-8J Elbow - 210°F ...... .............. .. 326

429 Flow vs AP For 7M43-81D Nipple - 125'F ...... .............. .. 326

430 Flow vs AP For 7M43-8D Nipple - 210*F ..... .............. .. 327

431 Flow ,s AP For AN824-8J Tee On Side - 125°F ... ........... ... 327

432 Flow vs AP For AN824-8J Tee On Run - 125oF ... ........... .. 328

433 Flow vs AP For AN824-8J Tee On Run - 210oF ... ........... .. 328

434 Flow vs AP For Dynatube Nipple - 125'F .... ............. .. 329

435 Flow vs AP For Dynatube Nipple - 210°F .... ............. .. 329

436 Flow vs AP For Dynatube 900 Elbow - 125°F ... ............ ... 330

437 Flow vs AP For 900 Elbow - 210'F ........ ................ .. 330

438 Flow vs AP For F4 PC Filter Housing ...... ............... .. 332

439 Flow vs AP For P4 PC Filter With Element .... ............ 332

440 Flow vs AP For Victor Solenoid Valve ...... .............. .. 334

441 Flow vs AP For MCAIR Miniature Check Valve ... ........... 335

442 Flow vs AP For F-i5 Compensated Check Valve ... ........... ... 335

443 Hose Bulk Modulus Measurement Set-Up ....... .............. .. 336

444 Tara AV's For Hose Bulk Modulus ........ ................. .. 337

445 1/4" Hose Bulk Modulus ............ ..................... .. 338

446 5/8" Hose Bulk Modulus ............. ..................... .. 339

447 Flow vs AP For 1/4" Hose ............ .................... .. 339

448 Flow vs AP For Conair Restrictor - Free Flow Direction ...... 341

449 Flow vs AP For Conair Restrictor - Restricted Flow Direction 341

450 Flow vs AP For A Lee Jet (Jet A 1875850D) .... ............ .. 343

451 Flow vs P For A Lee Visco Jet (VDLA 6210880D) ............. .. 343

452 Run E 7.7 CIS Outlet Flow ........... .................... .. 346

453 Run 16 7.7 CIS Outlet Flow .......... ................... .. 347

454 Run 36 3.85 CIS Outlet Flow ......... ................... .. 347

455 Run 17 7.7 CIS Outlet Flow .................. .................... 34,

456 SSFAN Schematic of Two-Pump System ...... ............... .. 35'0

457 Type 1 SSFAN Output Title Page ................. 351

xxv



LIST OF ILLUSTRATIONS (Continued)

FIGURE PAGE

458 Type 1 SSFAN Output ............. ....................... ... 352

459 Type 2 SSFAN Output ............. ....................... ... 352

460 Type 3 SSFAN Output ............. ....................... ... 353

461 Type 4 SSFAN Output ............. ....................... ... 353

462 Thermal Line Test Configuration ....... ................. .. 355

463 Run 78-05 HYTTHA Input Data ........... .................. .. 357

464 78-05-Ti Input Test Data ............ .................... .. 357

465 78-05-T2 Thermal Transient .......... ................... .. 358

466 78-05-T7 Thermal Transient - Wall Temperature ............ ... 359

467 78-05-T7 Thermal Transient - Fluid Temperature .. ......... .. 360

468 Run 78-07 HYTTHA Input Data ......... ................... .. 360

469 78-07-TI Input Test Data .......... . ................... 361

470 78-07-T2 Thermal Transient, Wall Temperature ... ............ 361

471 78-07-T2 Thermal Transient, Fluid Temperature ............ ... 362

472 78-07-T7 Thermal Transient, Wall Temperature ... .......... .. 362

473 78-07-T7 Thermal Transient, Fluid Temperature ............ ... 363

474 Restrictor Test Circuit ........... ..................... ... 364

475 Restrictor Instrumentation For Thermal Tests ... .......... .. 364

476 Run 87-06 HYTTHA Input Data, 0.5 Second Time Step .......... .. 367

477 87-06-Ti Input Test Data .......... .................... .. 368

478 87-06-T2 Thermal Transient, Wall Temperature - 0.5 Sec Time Step. 368

479 87-06-T2 Thermal Transient, Fluid Temperature - 0.5 Sec Time Step 369

480 87-06-T4 and T5 Thermal Transient, 0.5 Sec Time Step ...... .. 369

481 87-06-T5 and T6 Thermal Transient, 0.5 Sec Time Step ...... .. 370

482 87-06-T8 Thermal. Transient Wall Temperature, 0.5 Sec Time Step 370

483 87-06-T8 Thermal Transient, Fluid Temperature - 0.5 Sec Time
Step .................... ............................. .. 371

484 Run 87-06 HYTTHA Input Data, 0.2 Second Time Step .......... .. 371

485 87-06-T2 Thermal Transient, Wall Temperature, 0.2 Sec Time Step 372

486 87-06-T2 Thermal Transient, Fluid Temperature, 0.2 Sec Time Step. 372

487 87-06-T4 and T5 Thermal Transient, 0.2 Sec Time Step ...... .. 373

488 87-06-T5 and T6 Thermal Transient, 0.2 Sec Time Step ...... .. 373

xxvi



LIST OF ILLUSTRATIONS (Continued)

FIGURE PAGE

4P9 87-06-T8 Thermal Transient, Wall Temperature, 0.2 Sec Time Step 374

490 87-06-T8 Thermal Transient, Fluid Temperature, 0.2 Sec Time Step. 374

491 87-07-T7 Input Data ................. ...................... .. 375

492 Run 87-07 HYTTHA Input Data ............. .................... .. 376

493 87-07-T2 Thermal Transient Wall Temperature ..................... 376

494 87-07-T2 Thermal Transient Fluid Temperature ........... 377

495 87-07-T4 and T5 Thermal Transient ......... ................. .. 377

496 87-07-T5 and T6 Thermal Transient ......... ................. .. 378

497 87-07-T8 Thermal Transient, Wall Temperature .... ........... .. 378

498 87-07-T8 Thermal Transient, Fluid Temperature .... ........... .. 379

499 Run 87-07 HYTTHA Input Data With A Larger Heat Transfer
Coefficient ..................... ............................ .. 379

500 87-07-T2 Thermal Transient With A Larger Heat Transfer Coefficient. 380

501 87-07-T5 Thermal Transient With a Larger Heat Transfer Coefficient. 380

502 87-07-T6 Thermal Transient With a Larger Heat Transfer Coefficient. 381

503 87-07-T8 Thermal Transient, Component Temperature With A Larger
Heat Transefer Coefficient ............ .................... .. 381

504 87-07-T8 Thermal Transient, Wall Temperature With a Larger Heat
Transfer Coefficient .................. ..................... .. 382

505 Pump Thermal Transient Test Configuration ..... ............. .. 383

506 77-05-Ti Thermal Pump Test ............ .................... .. 384

507 77-05-T2 Thermal Pump Test ............ .................... .. 385

50& 77-05-T3 Thermal Pump Test ............ .................... .. 385

509 77-05-T4 Thermal Pump Test ............ .................... .. 386

510 77-05-T5 Thermal Pump Test ............ .................... .. 386

511 77-06-Tl Thermal Pump Test ............ .................... .. 387

512 7;-06-T2 Thermal Pump Test ............ .................... .... 387

513 77-06-T3 Thermal Pump Test ............ .................... .. 388

514 77-06-T4 Thermal Pump Test ............ .................... .. 388

515 77-06-T5 Thermal Pump Test ............ .................... .. 389

516 77-09-TI Thermal Pump TesL ............ .................... .. 389

517 77-09-T2 Thermal Pump Test ............ .................... .. 390

51 1 77-09-T3 Thermal Pump Test ............. .................... .. 390

519 77-09-T4 Thermal Pump Test ............ .................... .. 391

520 77-09-T5 Thermal Pump Test ............. ..................... 391

xxvii



LIST OF ILLUSTRATIONS (Continued)

FIGURE PAGE

521 77-12-TI Thermal Pump Test ............ .................. .. 392

522 77-12-T2 Thermal Pump Test ............. .................. .. 392

523 77-12-T3 Thermal Pump Test ........... ................... .. 393

524 77-12-T4 Thermal Pump Test ........... ................... .. 393

525 77-12-T5 Thermal Pump Test .......... ................... .. 394

526 77-05-P5 Thermal Pump Test .......... ................... .. 394

527 77-05-P2 Thermal Pump Test .......... ................... .. 395

528 F-4 Heat Exchanger Thermal Test Configuration ... ......... ... 396

529 Run 79-03 HYTTHA Input Data ......... ................... .. 397

530 79-03-T3 Input Data ............. ....................... .. 398

531 79-03-T4 Thermal Transient ........... ................... .. 398

532 Cooling Liquid Outlet Temperature ....... ................ .. 399

533 F-15 Iron Bird Speedbrake System Configuration .. ......... .. 400

534 Run 80-01 HYTTHA Input Data ......... ................... .. 401

535 80-01-T2 Input Data ............. ....................... .. 402

536 80-01-T4 Fluid Temperature .......... ................... .. 402

537 Speedbrake Actuator Wall Temperature ...... .............. .. 403

538 Fluid Temperature At The TI Location ...... .............. .. 403

539 Fluid Temperature At The T3 Location ...... .............. .. 404

540 80-01-Ti Thermal Data .............. ...................... .. 404

541 80-01-T3 Thermal Data ............. ...................... .. 405

xXvii I



LIST OF TABLES

TABLE PAGE

1 Comparison of Frequency Response Predictions with Various

Bulk Modulus Data ............. ..................... .. 63

2 Comparison of Measured Pressure Pulsations with Various

Test Circuit Configurations ........................ 97

3 Test Conditions for 1/2" Dia x 30 Ft. Line .. ........ 121

4 Transient Pump Testing .......... ................... .. 131

5 Hytran Pump Model Verification Test -63 Series ...... 133

6 Hytran Pump Model Verification Test -64 Series ...... 135

7 Hytran Pump Model Verification Test -65 Series ...... 142

8 Test Conditions for Filter AC-900-61 .... ........... 162

9 Test Conditions for F-4 Utility Heat E1:ceanger ....... .. 177

10 Test Conditions for MCAIR Miniature Check Valve 7M92-8 . . 182

11 Check Valve - Return Test Series ...... ............. .. 193

12 Test Conditions for Lee Jet and Lee Visco Jet ....... .. 197

13 Test Conditions for 1/4" and 5/8" Steel Braided Teflon Hoses 216

14 Two Stage Relief Valve Test Runs ...... .............. .. 233

15 Pressure Effects Testing ......... .................. .. 242

16 Air Effects/Reservoir Testing ....... ............... .. 267

17 F-15 Stabilator Test Series ......... ................ .. 283

18 F-15 Iron Bird Transient Frsts on Speedbrake Subsystem . . 291

19 Parallel Pump Operation Tests ....... ............... .. 298

20 Compensated Check Valve Test Series ..... ............ .. 306

21 F--15 JFS Accumulator Tests ......... ................ 309

22 Essential Component Steady State Tests ... ........... .. 319

23 " Laminar and Turbulent Flow Coefficients for AC-900-61 Oil
Filter .................... ........................... .. 333

24 Measured Volume Change for 5/8" and 1/4" Flexible Hoses 336

25 Lee Jet and Visco Jet Flow-Pressure Drop Data ....... .. 342

26 Power Loss Comparison at 7.7 CIS ...... ............. .. 345

27 Power Loss at Zero Outlet Flow ..... ............... .. 345

28 SSFAN Two Pump System Simulation Measured vs Computed Data 354

xxix



LIST OF TABLES (Continued)

TABLE PAGE

29 Thermal Line Test Conditions ... ............. .. 356

30 Restrictor Tempecature Effects Test ............ .. 365

31 Thermal Test Conditions for F-15 Pump ........... 383

32 Heat Exchanger Thermal Test Conditions ........ 396

33 Thermal Speedbrake Tests ............................ 401

34 AHSPA Recommendations for Improvement/Expansion of
Computer Programs ......... .................. 420

35 AHSPA Areas Recommended for Further Study ....... 421

36 AHSPA Priority Recommendation for Future Computer Prog-
ram Effort ............ ...................... .. 422

37 AHSPA Recommendations for Complimentary Effort . . . . 422

xxx



SECTION I

INTRODUCTION

This report describes the work performed under the Aircraft Hydraulic

System Performance Analysis contract.

The task was to develop and verify computer programs to simulate aircraft

hydraulic systems. Four digital computer programs were developed.

The Hydraulic System Frequency Response (HSFR) predicts how oscillatory

flows and pressures caused by the acoustical energy content of a pump output

are transmitted through the lines and components of a hydraulic system.

The program predicts the pump speeds at which major resonances occur,

and defines the amplitude and location of the oscillatory pressure and flow

standing waves. The description of the system being simulated is easily
changed to investigate various practical system modifications for the

attenuation and/or relocation of the major resonant conditions. This capability

allows potential problems related to hydraulic acoustic energy to be eliminated

during the design stage.

The user describes the system to be simulated by means of punched

data cards. The description includes the type and physical characteristics

of each of the elements of the circuit. An element may be a pump, a section

of line, a fittixng, a component, or a branch.

The user completes the problem statement by specifying the range of

pump speed and the harmonic of intere-:t, the locations at which flow, pressure,

impedance, and/or energy levels are to be plotted, the fluid type, the fluid

temperature, and the steady state pump output pressure.

The program calculates the oscillatory pressures and flows at the input

to system elements. Standing wave characteristics produce large variations

in pressure amplitude along the length of a line. Division of a length of

line into small elements may be required to allow this standing wave pattern

to be examined to ensure that an excessive pressure amplitude is not being

ignored.

Acoustic analysis can be performed on the pressure side or on both

the pressure and return sides of a system.



The Hydraulic Transient Analysis (HYTRAN) predicts the dynamic response

of a system to sudden changes in load flow demands. The input to the system

is normally a servo valve or solenoid valve motion from which pressure and

flow disturbances propagate through the system, causing pump and component

responses.

The program simulates the complete system and calculates the value of all

the flows, pressures and state variables, throughout the system.

HYTRAN is composed of five basic parts, input, steady state calculation,

line simulation, component simulation, and output.

The designer inputs data describing the lines, components and system

configuration.

The steady state section of the program balances the pressures and flows

in the system and calculates the initial values for all the system state

variables. Once the initial values are established at zero time, the program

starts by calculating for a small change in time (delta T), new flows and

pressures in the lines.

Once the new pressures and flows have been established for the lines the

program calculates new values for the state variables of all the components,

and the flows and pressures at the junctions between the components and the

lines.

The program continues to march forward in time (delta T) intervals, first

calculating the line and then the component variables.

The output part of the program selects the variables that are required

as output of output plots, at specified time steps. When the program calcula-

tions are completed, the output is then printed and plotted.

The output is essentially a time history of selected system variables

which have been disturbed by the controlling input.

Since the program actually advances in discrete time steps, it can be

integrated into other simulations.

The Steady State Flow Analysis (SSFAN) Program predicts the steady state

flows and pressures in a closed loop aircraft hydraulic system.

It uses a building block approach so that new elements or components can

be added with minimum change to the rest of the program. A matrix method is

used to compute the steady state flows throughout the system line network.



The program corrects viscosities for pressure, determines whether flow is

laminar, transitive or turbulent to appl.y appropriate resistance factors;

and corrects reservoir pressure for altitude.

Some of the outputs of SSFAN can be predicted values of flow rate,

surface rate, pressure drop, pressure, or subsystem operating time. The

program can also be used to predict steady-state motor speads and actuator

rates under varying load conditions.

The Hydraulic Transient Thermal Analysis (HYTTHA) Program predicts the

effects of system heat generation and dissipation of the temperature and

performance of an aircraft hydraulic system.

The program can simulate complete closed loop systems. It calculates

flows, pressures, state variables, component temperatures, fluid temperatures,

and line wall temperatures throughout the system.

The program is composed of four basic parts; input, steady state calcula-

tions, thermal line and component calculations, and output.

The designer inputs data describing the lines, ambient thermal conditions

components, and system configuration.

The steady state part of the program balances the pressures and flows in

the system, and calculates for all the system state variables. Once the

initial values are established at zero time, the program calculates new

temperatures throughout the system for a small change in time (DELT).

The program continues the calculations at DEbT intervals, first calculating

the system flows pressures and state variables and then calculating the line

and component temperatures.



SECTION II

TEST METHODS

Test conditions for transient and frequency response tests were altered

as testing progressed to minimize testing of components which showed no significant

dynamic effects. For components which showed significant dynamic effects (pump,

check valve, etc.) test conditions were expanded to further investigate these

effects.

Standard test temperature range was 70*F to 210'F, which was attainable

on the component test bench set-up without requiring elaborate temperature

conditioning equipment.

Testing was accomplished with both MIL-H-5606B and MIL-H-83282 hydraulic

fluids. The range of flows investigated was from zero to 157 CIS. The

dissolved air content of the fluid in the test bench for all the data runs

was less than 1% by volume. Test conditions that deviated from the above are

noted.

Each test run was assigned a unique number. The run number definition

is explained in Figure 1.

BASIC RUN NUMBER *INDICATES PLOW-UP

+ INDICATES TURN-ON TRANSIENT

-INDICATES TURNT-OFF TRANSIENT

xx-xx-xx
L T-PARA14ETER (Pl,P2,Q1,Q2, XH ETC.)T___________TEST NUHBER

TEST SPECIMEN TS TOER

10-19 30 FT -INE

J0 MI MSCEiLA.NEOUS

(VALVES, PU!P, FILTERZ,

ACCUMULATOR, ETC.)

FIGLRL 1 -TEST RUIN NUMBER DEFINITION

4



1i. FREQUENCY RESPONSE TESTS

Frequency response tests were required for verifying the frequency domain

(HSFR) pump model, and model/system interaction. Test conditions established

the pump frequency characteristics with steady state flows from laminar to

turbulent conditioas. The effects of temperature were investigated. For each

test condition, amplitude and phase data of the pump inlet and oultet pressures

and flows were recorded, and harmonic analysis was performed at system resonance

points. Time domain data was also recorded at several speeds for pump internal

and boundary parameters.

2. TRANSIENT TESTS

a. Test Benches and Conditions - The time domain component standard test

series determined the effects of the test specimen on system transient

response.

The test specimen inlet pressure range depended on whether it was

tested as a pressure side or return side component. Hyd aulic power for

the transient test was provided by the pump via an F-15 JFS accumulator.

Transient flow demands were generated by opening and closing a fast

response control valve, with data recorded during both portions of the cycle.

Data was required for transient flow changes to and from two peak

flow levels at each of two temperature levels, one peak flow value in the

laminar flow range, and one in the turbulent flow range,

Peak steady-state flow and test specimen inlet pressure were preset

before the transient test using the pressure or return load valve with

the transient control valve open and the flow control servovalve at full

signal. This recharged the JFS accumulator prior to each transient discharge.

Transient pressure and flow on both sides of the specimen were

recorded during the opening and closing transients. Temperatures were

stabilized and recorded during the flow calibration.

Some of the component tests dictated that configuration changes be made

to the basic test bench. These components included the F-15 instrumented

pump, two stage relief valve, and two pump tests. These changes are

explained with the discussion of the data.

Tests were run to study cavitation waves downstream of a last closing

valve. The effects of dtfferent valve closing rates and temperatures

were monitored at different system air contents.



The effects of varying system pressure from 1500 to 3750 psi were

tested to verify the computer program for that range of pressures.

The F-15 iron bird's utility speedbrake system was tested to verify

a simple system with the HYTRAN computer program.

b. Test Problems

(1) Fast Control Valve - A good deal of effort was required to develop

a fast operating control valve that would provide the transients for the

test system. Desired valve closing time was about 2 milliseconds from

a maximum flow rate of 40 GPM. Solenoid valves were ruled out as being

to slow and not providing a sharp cutoff characteristic. Commercial

solenoid operated poppet valves could handle the desired flow rates,

but the closing times were too slow. It was felt that with a few

changes, a commercial poppet valve could produce the required

operating times.

A Victor SV 41S-9021 solenoid operated poppet valve was chosen

for modification. The standard valve incorporates a balanced poppet

design which accounts for its high flow ability at high pressure.

The poppet was directly actuated by the solenoid. In the modified

version of the valve the solenoid was removed and the poppet

displaced by a spring and push rod arrangement.

A servovalve driven piston was connected to the opposite

side of the spool as shown in Figure 2.

Spring

• Piston Leakaqe
. sFlow to Flow

__ System Rtn.

Flow from
(Srvo V a lve N ....... ... . ..........

F ....Flow

iim i• ,FI(', }<I; !, ,•l)l~ll'Iil) VICT OR]') .%()i.J.NoII) VAI.VI

1,, ml -~ ', SP IN m'. ! A m km-1( RA ;(N



Much time and effort was spent pi-rfecting the valve operation.

Even after this was accomplished, many problems with the valve plagued

the verification test efforts. These problems included poppet bounce

on closing, premature closing due to poppet flow forces, and lack of

adequate poppet rate control.

"(2) Mechanical Vibration - Trouble was encountered from reflections

in the system when using a long line test configuration (see Figure 3).

For example, small amplitude high frequencies can be seen on P 3 in

Figure 4. These reflections were determined timewise to have occurred

at the 1800 bends. The reflected wave from the fast closing valve

travelled down the surface of the tube faster than in the tluid because

of the differences between the velocity of sound in the two mediums.

1/2" DIAMETER LINE
.028" WALL THICKNESS

P2

3" 22' To

RESERVOIR 1. 2!) FAST VALVE

P 4  P3  _ _ _F-15 JFS

ACCUMULATO"R
16' 'n) Q1

FROM
PUMP

FIGURE 3. LONG LINE TEST CONFIGURATION

The lines were then clamped at approximately 18" intervals to

simulate the amount of mechanical damping that actually occurs in an

aircraft hydraulic system. P 3 in Figure ' shows that the effect of

clamping greatly reduces the mechanical vibration and the excessive

ref 2ections when compared withi 1', Figure !4. Since it was desired

that an adequa e line model be verified, It was necessary to eliminate

Sas ! u1'Il of tile Tlmechianical movement ,s possible to ride the system of

thk t' ilt er01al rte lec int s. l 'husi t lie Ii ti, system was t urthler weighted
-- -- --- •-- a id r I ll~lped 101411
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P 3

VALVE POS
P2

Flow Rate: 19.25 CIS
Temperature: 1250
Time Scale: 20 msec/cm
Date: 16 May 1975
Condition: Turn-off Transient

FIGURE 4. UNDAMPED LINE MECHANICAL VIBRATIONS

IiI

Flow: 17.25 CIS
Temp: 1250F
Time Scale: 20 msec/cm
Date: 23 May 1975
Flow Condition: Turn-off Transient

FIGURE 5. DAMPED LINE MECHANICAL VIBRATIONS
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The differences in P2 and P3 pvehaure traces for the clamped

and unclamped l1ines are shown in Figures 6 and 7 ,respectively, for

the 1/2" diameter tube with a turn-on transient.

VALVE ?OS

Qi

Flow: 17.25 CIS
Temp: 125VF
Time ScalIe: 20 nsec/cm
Date: 16 May 1975
Flow Conditirn: Turn-on Transient

FIGUmia- 6. LINES UNCLAMPED

FLOW: 17.25 CIS
Temp: 1250F
Time Scale: 20 mscc/cm
Date: 23 May 1975
Flow Condition: Turn-on Transient

FIGURE 7. LINES CLAMPED



(3) Pump Thst Problems - The turn-off transients caused an abnormal

oscillation in the hanger position data (XH) during the first two pump

test series runs. FLgures 8 and 9 show that the LVDT was not properly

tracking the hanger movement. The transducer ras originally ini:talled

so that the probe shaft extended into the pump ýase and rested on the

actuator spring piston. The probe shaft wqs spring loaded to eliminate

slop and to overcome the forces resulting from case pressures. However

it appears that this preload was not adequate to track the response

of the hanger. Different preload springs were tried without much

success. The spring was removed from the LVDT and pressurized

nitrogen was used to force the probe against the actuator spring

piston. The gas pressure exerted a more constant pressure on the

LVDT probe over its full, range of travel and thus it was able to

accurately track the hanger as shown in Figure 1i.

- ' .

1 4

N --s-

'-I~~~~ - A J1 .If ~ ~

SI : • ::- :]] 'H :-........... !.......,.....

.S O
.4-50 .

4
. , I .j.

--o:: ii tt~ t :
0.0 0.10 0.20

TIME IN SECONT S

F-15 HYDRAULIC PUMP
6-3-0'3-XH TURN-OFF TRANSIENT

77 CIS 130 F

FIGURE 8.
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FIGURE 10.



(4) Operational Life of Hot Film Anemometer Probes - The first two

Thermal Systems Incorporated hot film probes failed after 50 hours

of operation. These were mechanical failures caused by a separation of

the connecting wire from the film surface. Separation occurred because

of strain cracks that developed in the epoxy insulating the probe tip

from the anemometer case. Additional efforts were made to locate the

probes in acoustically quiet areas in the system (i.e. not at the peak

of a pressure standing wave). This coupled with improved probe con-

struction by the manufacturer appreciably extended the useful life of

the hot film probes.

3. STEADY STATE TESTS

The flow domain test series provides steady-state pressure drop and flow

data on the component test specimen. Data was recorded as the steady-state flow

was varied from zero to a maximum value and back to zero again. The maximum

flow depended on the test specimen and downstream test bench flow resistance,

instrumentation operating limits, and pump capacity.

4. THERMAL TESTS

Thermal testing was performed on the test bench and the F-15 iron bird's

utility speedbrake system. Thermal properties of steady state and transient

operating hydraulic systems were investigated.

Steady state testing on the test bench consisted on running the system

at a constant temperature and flow and recording the heat transfer through

each component. Transient test temperatures were monitored from start-up

ambient temperature until the system stabilized at some specified operating

condition.

The utility system oil on the F-15 iron bird was heated by cycling an

actuator in the system. The speedbrake subsystem remained near ambient

temperature during this period. The speedbrake selector valve was cycled

to operate the speedbrake and the subsystem warm-up characteristics were

measured. Data was recorded for opening, closing, and reversal.

I 2
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SECTION III

INSTRUMENTATION

Accurate test data was essential for the development and verification

of the Aircraft Hydraulic Systems Performance Analysis Computer Programs. As

with any test program choosing and setting up the proper instrumentation to

measure the data must be done painstakingly and correctly to assure reasonable

accuracy. Proper selection of test equipment and test procedures can

contribute greatly to the effectiveness and accuracy of the element model

verification.

The development and verification of component models required special

care in the selection of the variables to be measured and how they were measured.

For a general model this required monitoring the variables at all the external

connections. Because of the complex nature of fluid behavior in the individual

components caused by a system disturbance (e.g., a valve closing) the mathematical

representation in the computer program becomes quite sophisticated. Therefore

the key variables must be recorded for the proper model verification of a

component. The effort in the Hydraulic Dynamics Laboratory refined the procedures

and techniques needed to evaluate the operating characteristics of hydraulic

system components.

1. HYDRAULIC PERFORMANCE ANALYSIS FPCTLITY

The Hydraulic Performance Analysis Facility (HPAF) was built to prGvide

an improved means for obtaining dynamic test data on hydraulic components and

systems. Program verification is accomplished by comparing results obtained

from the computer analyses with actual data obtained in the test facility.

a. Description - The major items which make up the HPAF are a pump

drive system, a fluid deaeration unit, a test bench, and an instrumentation

and data handling system. The following paragraphs present some of the

defining requirements for these items as well as their general descriptions.

Figure 11 is a photograph showing the layout of the facility.

13
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b. Pump Drive System -The requirement for tes ing fast cSOOnIse

hiydraulic pumps such as those employed on the F-15 aircraft proviacLd

one of the primary justifications for the LIPAF. Conventional laborat-ory

drives do not provide adequate speed control Or 'dlynamic st iffnuss" to

maintain a constant puImp speed as, transient flow loads are ap1i-.As-

a result, pump performance data is often obscured by speed vairi-

ations and in some cases erroneous data results because thek speed

variations cause abnormal. pump operation. The pump drive2 sys tem~
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Fluid Deae~ra t ion System -One, of thle varijab les Which af fect s tilt,

dyniamic performance. of a hyd ran ilic system is the amount of di s solIved

t~lr in tilt fluid. Air content in a s'ystem can vary significant lv

d1ICpedndlg On I i! Iirig And bI)ICed ing p~roL'cdures, and operating pressures.
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FIGURE 14. DEAERATION UNIT HYDRAULIC SCHEMATIC

Figure 14 shows the hydraulic schematic for the hydraulic fluid

degassing unit. The MCAIR built unit is capable of degassing and

storing a quantity of oil. Oil can be circulated through the test

system from the degassing unit power supply, which also supplies

power to operate the jet pump.

The Lnit is capable of initially evacuating the test system with

or without operation of the system pump, loading previously degassed

oil into the system, degasc'ng cil at a high rate while in series or

parallel with the system, and receiving and storing degassed oil from

the system before test specimen changeover.
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d. Test Bench - The test table was designed to accommodate most

specimen configurations with minimum changeover effort. In addition

to providing a location for the specimen and instrumentation, the

-*• table included the equipment for generating transient hydraulic flows.

Transients were generated with the specially developed fast control

valve whiclk had operating times on the order to two milliseconds.

The test bench and instrumentation schematic is shown in Figure 15

for component transient tests. Steady state flow rate was controlled

by the load valve downstream of the test station. Transient flow

.-.emands were generated by opening and closing the fast response solenoid

control valve. Pressures and flows were recorded on both sides of the

test specimen during the opening and closing transients. The basic power

supply consisted of a hydraulic pump, a commercial PULSCO hydraulic

acoustic noise attenuator, pressure filter, case drain filter, and

system relief valve. Hoses and quick disconnects at the pump permitted

hookup of the oil degassing unit with or without the pump in the circuit.

The case drain quick disconnect was required to pressurize the pump

case from degassor power when the system was degassed with the pump

connected. Test specimen temperature was controlled by stabilizing

test bench temperatures with an industrial type heat exchanger in the

pump suction line. A pressure hose permitted movement of the pressure

side of the set-up to accommodate various rest specimen envelopes. A

flow control servo valve in the pressure supply line permitted remote

control cycling of flow rates for steady-state flow domain tests. The

F-4 bootstrap reservoir was strategically located at the termination of

the straight test section to minimize dynamic reflections at the test

specimen. Reservoir bootstrap pressure control was independent and

variable. The reservoir pressure relief valve prevented overpressurization,

"and allowed safe operation slightly over normal reservoir pressure. The

suction line was large to preclude pump cavitation during normal test

conditions.

The test section consisted of an accumulator for transient power

supply and additional source noise attenuation, solenoid control and load

valves, and upstream/downstream instrumentation across the test specimen.
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"FIGURE 15. STEADY STATE AND TRANSIENT TEST BENCH HYDRAULIC SCHEMATIC

The test section was the highest point in the circuit to minimize

fluid loss and air absorption during specimen changeover.

e. Instrumentation and Data Handling ystem - One common problem is the

installation of a transducer itself on the dynamic petformance of the System.

Several approaches are employed to reduce this effect in the HPAF.

These include the use of Clamp-on pressure transducers and hot wire

anemometer flowmeters.

Figure 16 shows a cross section of the instrumented section of the

test bench, upstream of the test specimen, for flow/time domain tests.

The downstream instrumented section was identical to the upstream section.

The instrumented sections were designed to minimize flow disturbances.

Split blocks were clamped over the tube section with matching block-to-tube

noles for temperatures and flow probes, and pressure transducers. Yittings

were drilled out to match tubing inside diameters where fitting wall

thickness permitted. Pressure transducers were installed as near to the

flow stream as possible, without protruding into the stream.
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o Upstream section shown, downstream and
size identical but reverse sequence

Flow Probe
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FIGURE 16. INSTRUMENTATION SECTION - COMPONENT MODEL
VERIFICATION, STEADY STATE AND TRANSIENT

The primary element in the data handling system was a Wang 2200B

programmable calculator. This calculator, with its optional thermal

printer and X-Y plotter was capable of outputting measured data in report

format. Transient data was input into the calculator under program

control via a 4-channel transient recorder which accepted the analog

transducer outputs, converted them to digital form, and stored them.

The Wang system was also used as a terminal for direct communication

with a general purpose digital computer when expanded capabilities

were required. Figure 17 is a photograph showing the calculatcr system.
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FIGURE 17. WANG 2200B PROGRAMMABLE CALCULATOR SYSTEM

2. DATA RECORDING AND PROCESSING

Figure 18 shows a block flow diagram of the instrumentation and data

recording facilities. The data was taken via transducers, strain gages,

flowmeters, thermocouples, etc., through their respective electronics to the

patch panel. Data from the panel routed to a 14-track intermediate band FM

magnetic tape recorder and to a 4-channel waveform recorder. The waveform

recorder manufactured by Biomation Corporation was capable of recording 1000

points of data for each channel with a channel resolution of 10 binary bits per

data word. Response of the data system, including the tape recorder, was

from DC to 10,000 Hz. Recorder accuracy was 1% or better.
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FIGURE 18. INSTRUI'TNTATION AND DATA FLOW BLOCK DIAGRAMcu (CO. ONENT MODEL VERIFICATION

The processing of the data began with mounting the appropriate data tape

on the recorder and playin-, back four data channels at a time to the Biomation.
These recorded analog signals were digitized (converted to a binary representa-

tion) by the Biomation waveform recorder. In this process some of the data was

lost to tape noise and flu~ter. A + .5'% tolerance on the daia was considered

good resolution. However, for a 4000 psi pressure pulse, _+ 20 psi can cause

the steady state portion of the computer simulation to be in error. See

Section 3 for a further discussion.

The data taken from the Biomation was stored on cassette tape through

a Wang 2200 programmable calculator. Calibration factors for scaling,

temperature and flow conditions were also stored on tape. One thousand data

pcints per channel were recorded on the cassette.

From the tape the data was plotted on the Wang X-Y plotter or output oil

a thermal printer. The Wang calculator was interfaced with• the CDC 6500 disk

files through a telecommunications link. Data was transferred to a file where

it was merged with the computer programs.

22,



3. PRESSURE MEASUREMENT

Focr a transient analysis, knowing the initial steady sLate boundary conditions

was important to starting the computer solution procedure. The problem of trying

to measure steady state data with transient recording instruments was significant

to this procedure. The pressure transducers being used were Statham thin film

strain gage transducers with a range of 0-5000 psia and a natural frequency of

70000 Hz in air. The best that they could be calibrated to was . 20 psia. A

5000 psia transducer cannot mechanically perform better, and further processing of

the pressure signal through the electronic system (L 1/2% was typical of tape

noise) induced more error in the pressure reading. For the computer simulation

this would sometimes cause errors in the calculated steady state flow resulting

in erroneous pressure distributions.

The pressure transducers were calibrated for zero and maximum values

provided by electronic circuitry, for every set of runs that were made. Each

tr,•nsducer was calibrated to give a linear relationship between voltage and

pressure. Due to nonlinearities in the meaguring equipment the trans-

ducers drifted in both zero and scale calibrations giving significant

errors in pressure measurements. When necessary the pressure data was

averaged to find a mean value for the steady state pressure, and all the

other pressures were corrected to this mean value in order that meaningful

verification effort could be accomplished. This method gave acceptable

steady state starting and stopping conditions without drastically affecting

the data. Tha technique involved was electronically equivalent to using

one transducer as the standard and referencing the others to it through a

gain factor.

Clamp-on pressure traitsducers were also used in the transienc and

frequency testing. These Piezo-electric transducers were Kistler 205 H2's.

They have a resolution of .1 psi/rmL with a sensitivity of .5 mv/psi. The

maximum pressure meLsurable is 10000 psi and the transducers have a natural frequency

of 250000 Hz.
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4. FLOW MEASUREMENTS

A main area of concern that developed in testing was the measurement of

transient flows in a simple line system. The inability to adequately measure

a flow reversal hampered the computer simulation verification of the HYTRAN

line model.

Although adequate pressure data can be obtained for the computer verifica-

tion, meaningful transient flow data is very difficult to record during a water-

hammer experiment.

The first transducer used to measure flow data was a Ramapo flowmeter.

figure 19 presents a schematic of the flowmeter. In actual laboratory testing

the Ramapo flowmeter exhibited very poor damping characteristics when hit by a

transient. The flowmeter oscillated at about 360 Hz, which is its natural

frequency. Figure 20 shows typical results. The dynamic fluid flow force is

sensed as a drag force on a specially contoured body of revolution suspended

in the flow stream. The flow force is transmitted via a lever rod to a strain

gage bridge. The orag force is proportional to the flow rate squared. When

the crag element is hit by a transient wave, the cantilever beam arrangement

of the meter overreacts to the flow forces and begins to oscillate at its

natural frequency.

2- . 1. Electric-l Coonectsr 6. Housing
2. Case 7. Lever Rod
3. Sensing Tute 8. "0" Ring Seal
4. Bonded Strain Gage Sridge 9. Flow Sensor
S. Retaining '%ut 10. Set Screw

41 FIGURE 19. RAMAPO FL01gMETgIR

, A SCHEMATIC DAGCRAM
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After analyzing the test data from Task 1A, it was originally believed

that the flowmeters were placed at critical reflection points in the system.

The test setup was expanded to locate a flowmeter in a different position.

The configuration is shown in Figure 21. From this setup it was confirmed

that the Ramnapo flowmeter was oscillating at its natural frequency, and not

being driven by internal reflectiovs.

figure 22 is an oscilloscope trace of the data points sampled by the

Biomation waveform recorder for P2 , 1'3, Ql and valve position. Ql is the

data trace of the Ramapo flowmeter before a square law relationship was applied

Lo the data to convert it to a direct representation of the flow transient as

mea sured.

Tihis flow data could not be used in the compute, program for model veri~fi-

cation, because of the underdamped condition exhibited by the Raniapo flowmeter.

It /a hopjed that bet ter data would be obtained fronm hot film anemomieters-;.
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a. Hqt Film Anemometer Flow Measurement Development- The hot film

anemometer was installed in approximately the same position as the Ramapo

flowmeter in Figure 21. The pressure transducer was located directly

opposite the anemometer. The probe tip was inserted so that the center

of the film was approximately in the centerline of the tube. The hot

film probe is a Thermal System Inc., Model 1229 as shown in Figure 23.

The hot film system uses a bridge balance network to supply current to

the sensor to keep it at a constant temperature. The amount of current

needed is a measure of the flow rate.

6 I s ..... 3• .. ' .

3211521 1457

I,, . - _ -, ,

A IWilln.............

'PCOPP~r" yM. S~, o0 V 42b
Ma- A 'enl Tnlo 35e

S.eeS,,. 'S o

Onso S.. S . 41,,• ,,.

Fi'IRE 23. MODEL 1229 HtOT FILM PROBE -

SIDE FHOW WEDGE

The hot film sensors were chosen over hot wire sensors because of

the following advantages:

1. Less suceptible to fouling and easier to clean - helpful in

the high temperature ranges to reduce the effects of an" possible

oil degradation.

2. Excellent frequency response

3. More flexibility in sensor configuration

4. Lower heat conduction of the film to its supports which

allows a smaller sensor to minimize effects on the fluid flow.
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The basic anemometer voltage is related to flow approximately

as follows:
2 l/M

E = [A + B (pV) I (ts - ts) (1)

where A, B = constants depending on fluid properties

p = fluid density

V = velocity

M = exponent that 'varies with range and fluid (usually 2)

ts = sensor operating temperature

te = fluid or environmental temperature

This relation illustrates the non-linearity of the anemometer output

as well as the relationship with density, velocity and temperature.

A test run was made with the probe tip in the location shown in

Figure 24 and the oscilloscope trace of the pressure directly opposite the

hot film probe and the anemometer output voltage is shown in Figure 25.

The protrusion into the flow steam was chosen to place the sensor in

approximately tie centerline of the tube.

-- FLOW

/1A A_
m /

PROBE TIP-

HOT FILM SENSOR

//

/

_FLOW

SECTION A-A

;1j(; -."* PLACEMENT OF SFNSOR IN 1/2" LINE
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Q1

Flow: 27.6 CIS
Temp: 125 0F
Time Scale: 20 msec/cm

P 2[Date: ".4 May 75
Condition: Turn-off

transient

FIGURE 25. HOT FILM SENSOR DATA IN 1/2" LINE

The Q, trace indicated much better flow data than was obtainable

with the Ramapo flowmeter. Unfortunately, negative flow measurements

were not accurate because of the direction in which the probe tip was placed.

The next step was to rotate the wedge shaped probe tip ninety degrees

to the flow direction (Figure 26). Since there is an equal amount of

exposed hot film on either side of the wedge, it was believed that the

anemometer could adequately measure the flow in both directions. Figure 27

is an oscilloscope trace of the data run which shows significant improvement.

From basic waterhammer theory it is known that after the fast control

valve is closed a positive wave propagates at acoustic velocity back

along the pipe until it reaches the accumulator. The fluid behind the wave

is at zero velocity and at a pressure higher than the accumulator. After

the pressure wave reaches the accumulator, the higher pressure in the pipe

causes the fluid in the pipe to flow back into the accumulator. The

indicated flows in Figure 27 are all positive because the hot film probe

cannot sense flow direction, it can only measure flow magnitude. The

first flow peak is a negative and so is every alternate peak.
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FIGURE 27. HOT FILM SENSOR DATA IN 1/2"1 LINE

ROTATED 900 TO FLOW DIRECTION

Flow: 27.6 CIS
Temp: 130OF
Time Fcale: 20 insec/cm
[Date: 30 Mayv 75
cond it Ion: Turn off transient

3 0

.. ., m .. ......



An interesting observation on the anemometer data is the residual

flow at the first flow reversal and its gradual decay. This is more

prevalent in the oscilloscope photograph Figure 28 which covers a

significantly longer time period. The probe location was the same as

that in Figure 25. The initial response of the probe to the turn-off

transient should show a flow drop to zero. The small flow measured by

the probe in the position chosen shows the inability to measure zero

mean flow in the velocity profile for that position.

FIGURE 28. HOT FILM SENSOR DATA IN 1/2" LINE

Flow: 27.6 CIS
Temp: 125 0F
Time Scale: 100 msec/cm
Date: 24 May 75
Condition: Turn-off transient

b. Baseline Setup and Anemometer Usage Calibration/Optimization - Assured

that the anemometer data gave reasonable answers the baseline 30 ft 1/2"

dia tube was set up in the dynamics laboratory (Figure 15). Two 18" test

stations were located up and downstream of the test specimen. Each

station had an anemometer and two pressure transducers.



The first step was to perfectli, ilign the anemometers 90' to the flow

direction. This was accomplished dynamically by running a turn-off

transient, observing the flow trace on an oscilloscope, and then adjusting

the Qi anemometer position until decreasing square waves were measured.

Figures 29, 30, and 31 illustrate an example of this. In Figure 29 the

Ql probe was rotated greater than 900 to the flow direction, in Figure 30

Ql was less than 90°, and Figure 31 contains the final calibration curve

for Ql.

P1

P 4

FIGURE 29 HOT FILM SENSOR DATA IN 1/2" LINE
BASELINE 30 FT TUBE

Q, ROTATED GREATER THAN 900

P4

FIGURE 30 HOT FILM SENSOR DATA IN 1/2" LINE

BASELINE 30 FT TUBE
Q, ROTATED LESS THAN 90"
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FIGURE 31. HOT FILM SENSOR DATA IN 1/2" LINE
BASELINE 30 FT TUBE

TIP 900 TO FLOW DIRECTION

Because the short line length between the fast valve and anemometer

resulted in shorter reflection times (Figure 15), this procedure could

not be accurately followed for the Q4 anemometer. The entire Q4 test

station was relocated at the upstream test station for calibration

and then returned to its original position.

A steady state calibration was performed on the hot film anemometer.

A turbine flow meter was used for the flow data along with the anemometer

bridge output voltage to generate a flow vs voltage calibration curve for

the anemometer. The values of voltage and the turbine meter output of

frequency were plotted on an X-Y plotter. The graph is shown in

Figure 32. A dip was noted in the transition region from laminar to

turbulent flow.
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R. G. Leonard in his doctoral thesis on "A Simplified Model For

A Fluid Tiansmission Line" (Pennsylvania State University Graduate School

of Mechanical Engineering, June 1970), gave predicted variation in the

fluid velocity at three different locations in a line as a function of
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time following the valve closure in a waterhammer experiment. Figure 33

reproduced from Dr. Leonard's thesis shows that the fluid in the region

near the tube wall responds much faster (in that it reverses sooner)

to the reversal of the pressure gradient, than does the fluid in the

central portion of the flow where the inertial effects are more dominant.

i.e. reverse flows occur near the wall while in the central region, flow

persists toward the valve. Thus the hot film probe was shifted laterally

in the tube to obtain a better mean velocity measurement. Moving this

probe tip from the tube centerline helped to remove the dip from the

steý.2y state calibration in Figure 32 to the curve in Figure 34. The

calibration curve clearly indicates the nonlinearity characteristics of

the anemometer. Figure 35 shows the results of moving the probe too

far out of the flowstream. The transition region now begins to rise.

MIUPOINT

NEAR RESERVOIR OF LINhE NEAR VALVE
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1-iouR ( '~33. PREDICTED VELOCITY TRANSIENTS AT ThREE LOCATIONS
IN A LINE DURING A WATER HANMMER EXPERIM4ENT
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After moving the probes, they were aligned 90* to the flow direction

before a calibration run was made. Once a smooth calibration curve can

be established, an equation was fitted to the curve and the actual data

flow rates were calculated from this relationship.

The caiibration was acccomplished by varying the load .alve in

Figure 15 from 0 to 38.5 CIS flow and back down again. If the system

temperaturp was allowed to vary by more than 5 degrees a definite

temperature hysteresis effect could be observed on the calibration curve.

Figure 36 is anl excellent example. If the temperature is kept relatively

constant, there is no problem in the calibration curve. For fast transients

there is little effect due to temperature variations on the flow measurements.
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FIGURE 35. CAIJBRATION OF 0ANEMOMETER
TEMP 125'F*

After the probes were aligned and calibrated, a 125*F turn-off

transient was then run on the system. Figures 37 and 38 show the plotted

results of the flow data, Ql and Q4.

The flow signal is extremely noisy for the intial steady state flow

and gradually dampens as the flow settles to zero. In Figure 37 the

flow reversals shown by the first, third, fifth, etc., peaks have a

definite flow decay, while the forward flows in the even numbered peaks

indicate a flatter response.

These transient flow data were the best recorded to date. Although

it nay not be the most optimal for correlation to conputer output plots

of flow, it is deiinitely better than any flow data we measured

previousy, and was used in the verification of the -leer i.. .dels.
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5. ANCILLARY I14STRUN-MNTATION

The pump instrumentation consists of two Standard Controls Inc. model

210-10-060-09 prcssure transducers for control pressure (Pc) and pump outlet

pressure (PP). These units are temperature compensated, low volume, strain

gage type pressure transducers with a pressure range from 0 to 10,000 psi.

The control spool position (WC is monitored using a variable impedance

transducer having a linear range of 0.05 inches. The unit is manufactured by

Kaman PMea.suring Systems. The model nuiAber of the sens;or is KD 2300-1.5. The

hanger position (XH) is measured using an SRL model KB].00 LVDT with a rated

lineai range of + .50 inches.

Turbine flowineters incorporating a free-moving suspended rotor and a signal

pickoff were used to measure the steady state flows on the test bench.

Other major Instrumentation used included:

Aire-oneter - Measured the precent of dissolved air in the system.

Torque monitor - A strain gage device uscd to measure pumpi drive torque.

Biomatioii waveform recorder - A digital sampl.er -;ed to prncess the data.

Bat co - P roc:essed ampl~ituade anid phLO; : data.

.SIec t rum Anialy ze r - Performed harmion ic aiial1ysIs, at t LZ., sys L 01 rcsonance poil ts.



SECTTON IV

FREQUENCY RESPONSE VERIFICATION TESTS

Development and verification efforts on tile HSFR computer program during

the contract period are covered in this section.

Development work on the HSFR computer program consisted of considerable

work on the PUMP subroutine to improve and extend its capabilities. Steady

state balancing of hanger angle with computed outlet flow, inlet acoustic flow/

pressure analysis, and hanger torque analysis sections were developed. Hanger

torque studies aided in the development of an accurate pump model for the

transient analysis computer program (HYTRAN).

All HSFR subroutines were generalized to allow a common method of inputing

data for the pump and all simulated circuit components and lines. The sub-

routines (WHEQUT) for a Quincke tube resonator was revised. A similar subroutine

was developed to simulate a hydraulic syscem acoustic filter available commer-

cially from the PULSCO division of the American Air Filter Co. Miscellaneous

changes were made to the executive or main program to add acoustic energy

analysis, and allow user selection of the harmonic of interest and the number of

pumping pistons. The CDC program was also run on the IBM 360 system with minor

changes to literal data formats.

Program verification tests consisted of operation of an F-15 hydraulic

pump in a short (9 feet), straight, 1 inch steel line circuit terminated by

a load valve, This baseline system provided data for combined verification

of the main program, and models for the line, the pump, and valve/circuit

termination. The dynamic interaction between the pump and system load is a basic

part of HSFR program. A variable length circuit was also used in the tests.

Tests were run at 130'F and 210'F fluid temperatures with MIL-H-5606B and

MIL-H-83282A fluids. Steady state flow was varied from 0 to 20 gpm.

Original plans for component level model verification called for measuring

dynamic pressure/flow magnitude and phase relationships at the component inlet

and outlet. However, dynamics flow measurements were not accurate enough to

permit pressure/flow phase measurements of sufficient quality for routine component

model verification. Component verification therefore consisted of mapping circuit

dynamic pressures with the component installed in the straight baseline test

circuit. Tioe F-15 pump was used as the acoustic source throughout the tests.

Test data were obtained for two different component locations in the test circuit.
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Total circuit length was held constant, regardless of the component being

tested or its location in the circuit.

'rest data was compared directly to computed resuits by plotting standing

pressure waves and/or the peak pressure amplitude at a location (pump speed)

of circuit resonance.

1. BASIC HSFR PROGRAM AND PUMP MODEL VERIFICATION

This section describes the development and verification of the basic

Hydraulic System Frequency Response (HSFR) computer program. Development

and verifi.cation of the HSFR pump model is also included since the dynamic

interaction between the pump and system load is a basic part of the

program.

Program verification encompassed operation of the instrumented F-15

hydraulic pump in a simple, straight-line test circuit -erniinated by a load

valve. Verification also included the addition of a single closed end

branch line to a straight line circuit.

Test results are discussed and analyzed for the three circuit/fluid

combinations tested.

MIL-H-5606B/9 Ft. System
MIL-H-83282A/9 Ft. System
MIL-H-83282A/Trombone System

Analog plots of selected test data are included.

Development and use of the HSFR program arid pump model to study pump

hanger torque characteristics is discussed. This activity aided in the

development of an accurate pump model for the transient analysis computer

program (HYTRAN).

Verification tests for components modeled in the HSFR program are

covered in subsequent sections.

a. HSFR Program Development

The following summarizes changes and additions made to the HSFR computer

program during the contract period, Feb. 1974 - Feb. 1977.

(I) (eneyi a ii zed P'UM1J' and WJ117IHUtIT -Sn 'ront Lircns

The PUMP was originallv mod'21ed nus ing pro r amnmld cliat a. T'lt 1 P7,1,

subroutine was later gL'neral'i ZO to a1low the reqtlUi1ret da&t tO be

[nptited ;alongp with other C i-rcuitit 1oponen t, l10,, ilmld c1nt1re1 input

datt'l. Tlhe' .il l t 'p. ol ý", nel-, r , 'li l t io (11 WAý: alq I SO ij•jI Ld t 0 t l• 11 ' W11 I'



(Quincke tube) subroutine. With these changes, input data

for all HSFR program models of system elements are input in the

same generalized manner.

(2) Return System, Pump Inlet, and Hanger Torque Analysis

The HSFR program and HSFR pump subroutine were utilized to study

pump hanger torque characteristics in order to improve the HYTRAN

pump model in this area. Calculation of the return system dynamic loads

was necessary, to study the effect of pump inlet load on pump outlet!

pressure system dynamics and hanger torque.

This effort resulted in a major expansion of the basic HSFR

program and pump subroutine to allow resonant frequency analysis of a

hydraulic return system, and pump hanger torque/actuator pressure

analysis. Use of these capabilities is described in the HSFR user's

manual. The HSFR technical description manual describes these

model changes in detail. The algorithm for pump hanger torque which

was developed for the HYTRAN pump model is described in the HYTRAN

technical description manual.

(a) HSFR Pump Subroutine - Inlet and Torque Analysis - The

original HYTRAN pump subroutine included hanger forces due to piston

inertia, but not oscillatory forces due to piston pressure. The

manufacturer (Abex) of the verification test pump (F-15) had indicated

that piston pressure forces were more significant to hanger torque

than inertia forces. A more complete calculation of hanger

torque was desired to correctly model pump response to changes

in load. The improved pump model needed to include hanger torque

resulting from piston inertia, piston pressure, and the hanger

spring over the entire operating range of controlled hanger (swash)

angle, pump shaft speed, and outlet and inlet pressures. Cavitation

on the inlet (suction) side and the oscillatory nature of outlet

and inlet pressures were important considerations.

It was necessary to compute piston pressure during the complete

pump revolution in order to study hanger torque characteristics.

The HSFR program basic pump subroutine already included a time

domain calculation of piston pressures during the precompression
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phase and during the pumping phase when the pump is interacting

with a dynamic system load.

The HSFR pump subroutine was expanded to include decompression,

calculation of pump inlet flow/pressure dynamics, and calculation

of hanger torques due to piston inertia, piston pressure, and

the hanger spring. The simulation technique for decompression

and inlet flow/pressure calculations is the same time-step

calculation used in the precompression and outlet flow calculations

of the basic HSFR pump model. Oscillatory inlet pressures are

naturally limited to vapor pressure on the negative side of steady

state inlet pressure. Accurate calculation of precompression

required tracking of cavitation in a piston, if it existed,

during the decompression and inlet phases of pump rotation.

Calculation of inlet and outlet total oscillatory flow was

converted from a parallel technique to a series technique in

order to provide continuous tracking of cavitation throughout

the full revolution of the pump rotating group.

Calculation of leakage from the pump case into the piston

cavity when piston pressure is below nominal case pressure was

added, while retaining the original calculation of leakage out

of the piston cavity when piston pressure is above case pressure.

(b) Input Data for Return System and Pump Hanger Torque Analysis -

Modeling and computation of return system load impedance at the

pump inlet is essentially the same as for the pressure side

of the system in the basic HSFR main program. The pump inlet is

identified as a dummy element (NTYPE = 7, KTYPE = 1). This

allows the mai'i program to identify the pump inlet, and to compute

and store the return system load impedance at the pump inlet.

The complete HSFR pump model has three subtypes available

for use. KTYPE 21 is used when analyzing the pressure side of

the system, i.e. no return side model. KTYPE 22 is used for

pressure side analysis, but also provides a limited pump inlet

analysis sufficient for studying pump hanger torque character-
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istics without the need for a return system model. KTYPE 23 is

used when analyzing both the pressure and return sides of the

system.

Data for the pump is the same for all three pump subtypes.

However, for KTYPE's 21 and 22, the system data must contain only

the pressure side elements.

New pump input data added for decompression, inlet flow,

and torque calculations are

1) hanger offset (HOFF) inches

2) hanger actuator maximum displacement (DISAM) inches

3) actuator lever arm at zero angle (ACTLEVO) inches

4) pumping piston mass (PIMASS) lb-sec 2/inch

5) steady state case pressure (CPRESS) psi

6) case to suction Ap at zero case drain flow (CSPRES) psi

7) diameter of hanger actuator (DIACT) inches

The equation for calculating the actuator lever arm (ACTLEV)

at the existing hanger angle is hardmodeled and must be changed

to suit the pump being analyzed.

(c) Pump Piston Cylinder Cavitation - Pump inlet flow simulation

showed piston cylinder cavitation during decompression at low

swash angles, as predicted by Abex. Cavitation was also predicted

during inlet port closure just prior to the start of precompression.

Transient inlet cavitation also occurred when inlet pressure

pulsations were high enough to produce vapor pressure levels,

i.e. at a return system resonance condition.

(d) Pump Hanger Torque - The HSFR pump subroutine outputs hanger

torque as control pressure (Pc) on the hanger actuator piston.

Figure 39 compares the computed and measured actuator control

pressure on the F-15 pump. Total actuator control pressure is

the result of piston pressure and inertial torque, hanger spring

torque, and pump case pressure. Note the increase in pump hanger

torque at system resonant pump speeds (2700 and 4050 rpm). Figure

39 shows pump hanger actuator control pressure computed with the

9 ft. test system model. Actuator pressure includes hanger
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spring reaction and case pressure. Actuator control pressure

is overplotted, as measured in the trombone system which was

tuned to produce the same resonant frequencies as the 9 ft.

test system. General correlation is quite good, especially

at resonant points.

---------------------------------------------------- -----------------

MEASURED

.0,0(0

COMPUTED pppopp-P, I

P .00P P ppppppppppp

f I

PPPP

I j '1 .0 I. IOUO. Inso n 0

P IIJURE 39 hIANGER ACTUATOR CONTROL PRESSURE
F-18 PUMP VERIFICATION TEST - SHIORT LINE
MIL-H1-56Ofl¾ '3000 PSI, 1110-F, 2.3 GPM

Mechanical resonance of the pump compensator valve was

produced by tuning the trombone system to a natural resonance

frequency of about 1583 rpm. Peak-to-peak pulsations of 2000

psi were encountered at this condition, and measured compensator

valve motion was +-005 incb.

The high gain compensator valve in. the F-I15 pump has a relatively

low na~tural f requency . Smallecr compensator valves in pumps with

noninal (slower) responsý- could have a natural trequency in the

pum p ope rat ing speed range . Compenisa tor resonant I req uenc v

is anlother dcen ign point whici h mnust not coiinc ideL With a pm

,C011l t intIOUS ((per at i ri speed.

A dieta ilIed paýrametric stud%, of the' V"-l I pump hanlgertoe

ChiffoC tteFr mt 115 Was" LtoIIiidurted IlSillop tilt. expan11itde iijgrm

A d fIUTIfl Sn lo rol t l ile.
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Figure 40 shows average hanger torque at 3600 rpm due to piston

pressures as a function of hanger angle, steady state outlet pressure,

and oil temperature. Torque due to pumping piston inertial forces

are also shown. These torques along with the hanger spring act

in the direction of full stroke (maximum hanger angle). The ratio

of acceleration to pressure torques agrees with Abex's expErience.

The Shuttle (F-14) Abex pump was then modeled in the verification

test system to analyze its torque characteristics. Torque character-

istics computed by the F-14 pump model are plotted in Figure 41.

Average hanger torque is very sensitive to the pre-compression

and decompression pressures, since these pressures act on the hanger

at the maximum moment arm via the pistons.

Hanger torque is not significantly affected if the pump

inlet flow is computed without dynamic balancing of the inlet

flow to the return system load. This allows a hanger torque study

co be conducted without having to model the return side of the

system.
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(e) Effect of Pump Inlet Modeling on Pressure System Pulsations -

Figures 42, 43 and 44 show the results of computing oscillatory

outlet pressure at the F-15 pump port plate with three different

pump inlet models.

The F-15 PC-I return system is modeled in the same manner

as the pressure system, as illustrated in the Volume III user's

manual. Figure 42 shows the computed peak oscillatory outlet

pressure using a constant pump inlet pressure, i.e., constant

pressure at the start of the pro-compression phase.
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Figure 43 shows tne same calculated outlet pressure at the

port plate except that a pump inlet flow/pressure analysis is

performed based on thq inputed constant Inlet pressure. This is

done by selecting a pump KTYPE = 22, and results in some variation

in the initial pressure at the start of precompression.

Figure 44 shows pressure at the pump port plate outlet with

a complete dynamic balancing of pump inlet flow and return system

load. The inlet analysis is made in the same manner as for the

outlet flow,'pressure system load. Figure 44 also shows the predicted

oscillation pressure at the port plate inlet. Note that the return

system has a predicted resonant response at three pump speeds,

which are not related to the resonant responses of the pressure

system. Verification of inlet system pulsation predictions were

not in the scope of the contract. The 400-700 psi peak pulsations

predicted in Figure 44 are probably high. However, predicted

return system resonant frequencies are probably as accurate as

pressure system predicted frequencies.

(f) Pump Precom pression: Figure 45 shows typical precompression

predicted by the HSFR PUMP subroutine for the F-15 Abex pump. The

plotted pressure is the pressure in the piston cylinder at the

end of the precompression phase, just before the cylinder cavity

communicates with outlet R1ot in the valvc port plate.
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(3) Miscellaneous HSFR Program Model Developments - Misce!laneous

changes and additions made to the HSFR main program and subroutines

are listed below.

HSFR Main Program

1) Harmonic of interest selected by input data

2) Acoustic energy analysis capability added

- Density plots (milliwatts/in )

- Intensity plots (watts)

3) Number of pumping pistons (elements) variable by input data

4) Program run on IBM 360 system

- changed end of file (EOF) statement

- changed literal data formats

CDC IBM

8A10 1OA8 (Real *8)

8A10 20A4
5) Pressure/flow phase angle calculation corrected

6) Writing of selected output plots corrected

PUMP Subroutine

1) Added steady state balancing to pump subroutine

- balances hanger angle (at rated outlet pressure)

- balances outlet pressure (at maximum hanger angle)

2) Improved sensitivity of pump steady state balancing

3) Modified piston leakage factor for pump inlet flow calculation

- required to stabilize inlet flow calculation

4) Predefined output plots for studying pump hanger torque,

precompression, decompression

WHEQUT Subroutine

1) Revised, made corrections to, and ran Quincke tube subroutine

(WHEQUT)

b. HSFR Pump and Basic System Model Verification - Tests were run on two

basic test circuit configurations with MIL-H-5606B and MIL-H-83282A fluid.

Each of these test series is discussed separately in this section.
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(1) Test Set-ups and Circuit Models - Figure 46 is a schematic of

the general test circuit u3ed for frequency verification tests. The
set-up was essentially the same as used for transient tests. The

frequency analysis section of the test circuit is shown in more

detail in Figure 47 and 48. Figure 47 shows the detailed dimensions,

instrumentation, and configuration of the short, straight, frequency

test section (9 ft.) between the pump and load valve. Details of the
suction system between the reservoir and pump are also shown. Input
data for the short line verification circuit is shown in Figure 49 as

an output of the HSFR program.
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FIGURE 48. SCHEMATIC OF HSFR TROMBONE TEST SYSTEM

Figure 48 shows the details of the trombone frequency analysis

test section. The sliding tube permitted the length of the test

section and its resonant frequency to be varied with ease. Input data

for the trombone verification circuit is shown In Figure 50.

(2) Processing of Frequency Response Data - Digitizing of frequency

data through the Biomation waveform analyzer and plotting through the

Wang calculator did not produce satisfactory pressure/rpm sweep plots.

The basic problems were accurate synchronization of time and rpm

signals, and poor resolution due to the long sweep time (one minute).

Time did not permit the pursuit of a more accurate method of digitizing

frequency response data. Therefore, direct automated overplotting of

measured and computed results was not available for frequency response

test/model verification.

Overplots were made by manually plotting measured data directly

on a reduced computer output plot. Overplots were also made bv scaling

an analog plot on mylar to the computer ,)lot size, then overlaying

the mylar plot on computer plot for shooting a final master. Since

manual overplotting is very time consuming, direct comparisons of

measured and( comptited frequencv response data is kept to the minimum

necessarv for basic HSFR program verification. Manual plotting and

reproduction distortion introduce some error.
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15 0 .L Z.144 1.,,, Liu4 3630L326.00 -0.004 -0.300 -.3001

04 1 -0 12,..3 40 .0s6 3306n.0 -0 .0Ca0 -0.000 -3.068

07 1 0 02.404 .. 00.158 34010.0 -0. j a -&.Lao -O.Gaa

.8 0 -0 11.601 1.0;w .080 304019.003 .030 -0.02-0.08 -. 11618

to 11t - .$Q3 1.044 .058l 30200.04.0630 -0.16, 34.601
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(3) MIL-H-5606B/9 Ft. System Tests - Figures 51 through 54 show

overplots of measured and computed peak pressure pulsations at the

inlet of element #9, i.e. P1 in the 9 ft. test circuit. These figures

show fundamental frequency pressure pulsations for 0, .5, 2., and 10. gpm

steady state flows, respectively. Test conditions were 130'F oil

temperature and 3000 psig steady state pump outlet pressure.

Frequency correlation is about 0-2% (0 to 100 rpm) for the 2nd

and 3rd resonant speeds. A 2% correlation is good considering possible

errors due to temperature shift during the run, circuit length errors,

and fluid property and instrumentation errors. Prediction of the first

resonant point appears to be about 200 rpm too low. However, this first

predicted resonant point is below the natural frequency of the pump

compensator valve, as determined during the test series. Measured

pressure response below the valve natural frequency (1500 rpm) is washed

out, and therefore does not correlate to the computed first

resonance, since compeasator dynamics are not modeled.

Resonant frequencies of the 9 ft. test circuit are consistent

with theory for a line terminated by a fixed orifice, and are only

partially dependent on the flow at the load valve.

Measured and predicted resonances correlate well to that computed

for the total line length from the pump port plate to the load valve.
20N - (f 1 )

where: fl c for a half-wave characteristic
2L

N = pump speed (rpm)

f 1 fundamental frequency of circuit (cps)

C = ac-ustic velocity in fluid

= 53,113 in/sec at 130 0 F

L circuit length (in)

= 124.1 in.

Harmonic responses (f 2 ' f3 ... ) occur in multiples of the fundamental

frequency. Predicted pump speed for the fundamental resonance of the

9 ft. test circuit Is 1300 rpm. This is consistent with measured 2nd,

and 3rd resonances of 2550 and '3400 rpm.
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The computed standing pressure wave at the 3900 rpm resonance point

is plotted in Figure 55 for each of the various test flow rates from

0 to 20 gpm. Measured values at "P1" are also plotted. Pressure

amplitudes, computed and measured, decrease with increasing flow even

though pump studies indicate that precompression/outlet pressure

"mismatch increases as the hanger angle increases. Decreased termination

impedance as the load valve is opened to higher flows reduces the acoustic

reflections at the valve such that there is a net reduction in the

standing wave amplitude. An inc,_ease in pressure amplitude with increasing

flow has been observed in a long line simple test circuit and in multi-

branch aircraft systems. Note that the standing wave location, i.e.

resonant frequency of 3900 rpm, is unaffected by the steady state valve

flow rate. The oscillating pressure amplitude at the "P1" instrumentation

point location was about 1/2 maximum for the 3rd (3900 rpm) resonance

point, and rear zero at the 2nd resonance point (2550 rpm).

1000 r-. -,- ..... ----- - - - - -. . .

A &,,tnp,,r.l IT~
,•/, •~~~) M ..... I ITyI ,,,,I

800 i- P ,
0 GPM> .- ~

6uO~\ 2.0 .

PE~AK 10.0
PRESSURE

PSIP 20.0 4 (

200v - ---- I,

0 L _ _i.
0 10 20 30 40 50 60 70 80 90
- PUMP PORT PLATE SUPPLY SYSTEM LENGTH IN

L, I I I ! II

2 3 4 5 8 9 10 11 12 13 14
6 (Pl)
7 ELEMENT NUMBER

FICURE 55 FREQUENCY RESPONSE
F-15 PUMP VERIFICATION TEST - SHORT (9 FT.) LINE
STANDING PRESSURE WAVE FOR RESONANT
FREQUENCY AT 3900 RPM
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Figure 56 shows the effect of oil temperature on system resonance.

The 3rd resonant speed was decreased from 3900 to 3500 rpm for an oil

temperature change from 130'F to 210 0 F. This shift brings the

4th resonant frequency into the range of the plot.

Figure 56 also shows the effect of modeling the pump and pump

manifold as a volume instead of a line. The change reduced the accuracy

of predicted amplitudes and frequencies. Figure 57 shows a comparison

of computed and measured pressure pulsations for the 2nd multiple of

the pumping frequency at 0 gpm and 130°F. This is entitled harmonic

number 2 on the computer plot, although more conventional terminology

would refer to it as the Ist harmonic of the fundamental frequency.

Frequency correlation is about the same as for the fundamental frequency,

however, amplitude prediction is less accurate. Measured response

at 3800 rpm was apparently too sharp to be plotted with a plot increment

width of 50 rpm. Second haraonic content (at 1950 rpm) was about 120

psi at the frequency of the third circuit resonance (585 hz). However,

much higher pressure (500 psi) was generated when the pump operated

at 3900 rpm providing a fundamental pumping frequency of 585 hz, i.e.

the third circuit resonance.

................... .. ....... ...................... ...............
F U COMPUT ED--.

CO ':AKs j lUMP & MANIFOLDWfITH PUMP ý, ýANII"NLD 
IS11.5 IN. X 1.2 IN.•

AS A VO ¶LKM!2 (3 IN )1)A. LINE

MEASURED
RUN #64-84-PI

/ 

.p

P--- 
... 

...... :

P.x I iw% - tPSU v-AI

FIGURE 56 COMPUTED VS. MEASURED PI PRESSURE FREQUENCY RESPONSE
F-15 PUMP VERIFICATION TEST - SHORT LINE
MIL-H-5606B DATA PER NRC OF CANADA
100( PSI, 210-1-, 0.5 G;PM
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(4) MIL-H-83282A/9 Ft. System Tests - Figure 58 shows an over-lct
of computed and measured fundamental pressure at the "Pl" location

for a 2 gpmn flow and 130'F oil temperature. Computed response is

based on fluid properties derived from Air Force Report AFML-TR-73--81.
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Measured resonant frequencies with MIL-h-8?182A fluid in the test

stand were 200 to 300 rpm lower than those predicted by the HSFR program.

Rockwell International reportod similar lack of correlation ln their

HSFR analysis and testing of the shuttle orbiter hvdraulic svstei. MCAIR

believes that the error is primarilv the result of adaibatic bulk

modulus data used in the FI'ID subroutine, which was based on the AFIL

report. The report values were coIputed from measured isothermal secant

bulk data. Figure 59 compares measured results for both oils in the

aIe q ft. test system with identitlc test c'ndittions. This indicates
that the bulk modulus for 83282 4)i4 is slightlv higher thNan

tor MIL-H-<6065 oil.

Only two sources of bulk modulus data for the 8)282 fluid

are known at this t is.

NAIL H 5"068

leg,

',I .. . . . .. . ........... ... ................ ... ..

Pie PSI*4 4IE1 W*I PS~ V US POMP 41w fee w.e"Cwle W015

FIGURE 59 COMPARISON BETWEEN MIL-H-5606B AND
MIL-H-83282 IN THE SHORT LINE TEST
CIRCUIT MEASURED FREQUENCY RESPONSE
F-15 PUMP VERIFICATION TEST -SHORT LINE
MIL-H-5606B AND MIL-H-83282
3000 PSI. 130*F. 2 GPM

Air Force Materials Laboratory (AFML)

Isothermal secant bulk moduluswas measured at IO0F for

pressures from 0 - 10,000 psi at Penn State University under an

Air Force contract. The AFML used Penn State data from four samples

of early formulations of the 83282 fluid to compute adiabatic

tangent bulk modulus for various temperatures and pressures. Values

computed by the AFML were published in Ref (a).
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National Research Council (NRC) of Canada

Adiabatic tangent bulk modulus is determined directly from acoustic

velocity measurements. NRC data for MIL-H-83282A (Hanover Chemical Co.)

and red oil (sample unknown) are presented in Figure 60. Table I

compares computed results with the two oils using various data sources

for adiabatic tangent bulk modulus. Computed frequency response is

compared to the measured response for the resonant speed in the

3600-4200 rpm range. Predicted resonant speed is more accurate

with the NRC data for MIL-H-83282A oil, i.e. about 100 rpm high at

130 0 F. Predicted resonant speed using the red oil bulk data (NRC)

for MIL-H-83282A is only 50 rpm higher than the measured value at 130*F.

In May 1976 there were four approved suppliers for MIL-H-83282A

fluid; Mobil, Royal, Hanover, Bray. MCAIR verifications tests have

been run so far with the Royal fluid. The MCAIR hydraulics lab also

has Mobil fluid in stock. Until new data is available on MIL-H-83282A

fluid, red oil bulk data (NRC) is recommended for HSFR analysis.

REF: NRC REPORT MP+T-72?9t

24 JUNE 1972

0 7.,, , . ..,

~-\ K,\\~

FICURE hO ADIABATIC TANGENT BULK MODULUS FOR

MLO 7261 AND MIL-H-5606
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TABLE

COMPARISON OF FREQUENCY RESPONSE
PREDICTIONS WITH VARIOUS BULK

MODULUS DATA

Resonant Speed/Amplitude (RPM/PSI)

MIL-H-5606B 130°F 210° F

TEST 3850 rpm/410 psi 3525 rpm/320 psi

COMPUTED 3900 /540 3500 /310
NRC data (223,000 psi) (173,000 pai)

bulk modulus

MIL-H-83282A

TEST 3900 /360 3600 /250

COMPUTED
AFML data 4150 /600 3850 /480

(250,000 psi) (195,000 psi)

NRC data 4000 /420 3750 /540
(232,000) (184,000)

NRC data 3950 /560 3650 /480
for MIL-I1-5606B (223,000 psi) (173,000 psi)

(5) MTL-H-83282A/Trombone System Tests Figure 61 compares computed

and measured peak pressure pulsations in the trombone system at the

inlet to element number 5, i.e., P1 in Figure 48. The error in

predicted frequency is the same as for MIL-H-83282A fluid in the 9 ft.

svstem. Predicted amplitude is about 90% above the measured value

for the 3rd resonant frequency.

S.C. 50 ....................... . .............. ................. . ....................... ........ .....

S,0 0.,, ! CO M PU TED

MEASURED--.

(RUN *e,5-100-P1)

i! !B ,, ...

1 00o 1S I , 2 .10'F, 0.. .PM
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Figure 62 shows computed and measured pressure at the closed

end of the test section. Results are consistent with those on the

other test system and at the Pl location. Axial acceleration

levels at the closed end of the circult were measured to verify

the assumption that dynamic flow is zero at the end of a closed

branch. Accelerometer (Al) readings are shown in Figure 63. Axial
"g" level was less than 12 g's at the resonant speed of 3550 rpm.

S10oe.6t •.. ...... ------- ...--- . ...... •......... ......... •......... ......... •......... 6......... +..........

I

COMPUTED-

I I

MEASURED-.

* ~(PUM 065-100-P6) '

4 0 4... . ........... . ..... . ......... *..... .... •......... . . ........ •......... , ..... .. •.........I~~ Ac*.0 0.03 tO0t. @ RPOO,C& 06l6.00 4110.00 001.6,6

0,4 ll iUfl 64 tqsI| ,vt I lm. flu .. 6lUfl.rt WlP.

FIGURE 62 COMPUTED VS MEASURED P6 PRESSURE
FREQUENCY RESPONSE
F-15 PUMP VERIFICATION-TROMBONE
MIL-H-83282 DATA PER AFML-TR-73-81
3000 PSI, 21 0 -F, 0.5 GPM
CLOSED END OF TROMBONE

c. CONCLUSIONS

1) System resonant frequency locations predicted by the HSFR program

are accurate within about 2% (100 rpm in 5000 rpm) for a simple short line

systei.

2) Predicted amplitude of oscillating pressure at system resonant frequencies

range from 0 to 30% high, i.e. above actual measured pressure pulsations.

3) The accuracy of predicted pressure amplitude at system resonant frequencies

decreases for 2nd and higher harmonics of the pumping frequency.
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4) Predicted and measured amplitudes of resonant pressure level decreased

with increasing steady state flow from 0 to 10 gpm in the simple short line

test circuit. Reduced reflections at the load valve as flow was increased

resulted in a net reduction of standing pressure wave amplitude, even though

pump predicted pre-compression characteristics degrade with increasing flow

for a given shaft speed. An increase in pulsations with higher flow, i.e.

the opposite effect, is observed in a single long line test circuit and in

full scale iron bird systems comprised of multiple long-line branches. Pump

precompression is apparently more significant to pulsation levels than is

the change in dynamic load with increasing flow in a long line multibranch

system.

5) Resonant frequency locations were unaffected by the pump steady state

flow level from 0 to 10 gpm in the short line test system.

6) An 80' increase in oi' temperature decreased the system resonant frequency

locations by about 400 rpm (pump shaft speed).

7) The internal outlet passages~ of the F-15 pump port can and manifold

should be modele' as lengths of line (outlet size) rat:ei th.•- as a lumped

volume.
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8) The -ise of adaibaric bulk modulus daca for MIL-H-5606B hydraulic fluid

oi recommended when pe'forming KSFR analysis of systems usinfg IIL-H-8ý282A

fluid. The FLUID subroutine is curreatly programmed in this manner.

9) The HSFR program/PLMP subroutine can be use3d effectively to study

pump hanger torque, port plate valve timing, and piston cylinder cavitation

characteristics. Model predictions indicate that the F-15 pump has good

overall precompression characteristics throughout the operating range

of shaft speed and flow delivery, especially when considering the many

variables involved. Predicted decompression results in a slight

cavitation condition in the cylinder for all flow rates up to 40 gpm.

Such a characteristic is probably good in that acoustic source energy in

the return syytem is relatively constaw- regardless of operating conditions.

10) The HSFR program may be used to study resonance rharacteristics of a

hydraulic suction/return system. However, return system frequency analysis

was not part of the contract scope, and is not verified. The accuracy of

resonant frequency predictions in the return system should be reasonably

good, owing to the use of the same computation method and models as are

used for pressure system analysis. The accuracy of predicted amplitude

for return system resonance is unknown. Additional pump model development

may be required to more accurately represent case to cylinder leakage during

the suction phase of the barrel revolution.

2. PULSCO ACOUSTIC FILTER MODEL VERIFICATION

This section covers the development and verification of an HSFR computer

program model for a hydraulic system acoustic filter designed and manufactured

by the PULSCO Division, American Air Filter Co., Louisville, Kentucky. The

test unit is identified as Model ATP-l, P/N 206001-003G, S/N 453. The basic

ATP-I design is sized for and used in a 10 gpm system on the L-lOll commercial

transport. Steady state AP is about 100 psi at 10 gpm.

Tests were run in the 9 ft. straigh-line test circuit used for verifica-

tion of the basic HSFR program and F-15 pump. Two test unit location3 were

used; unit mounted near the pump manifold outlet port, unit mounted 3 1/2 ft.

downstream of pump outlet port.
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A math model of the PULSCO device was derived as shown in Figure 64. The

unic is represented as three lumped volumes and three lines, interconnected as

two parallel flow paths. The model is derived by combining the dynamics of

three basic HSFR program elements; lumped volumes, lines, and branches. The

2 x 2 matrix equation relates dynamic pressure and flow across the unit. A

detailed derivation of the model Is contained in the HSFR technical description

manual, AFAPL-TR-76-43, Vol. IV.

The math model technique is the same as used for the Quincke tube model

(WHEQUT subroutine).

LINE D-- vB- UN F

VOLUME VA.N>

J VC
L.LINE E

GA1, PA QC2, PC

D

E Ig F

[U11 G121 rol r01
1 G22] [PAJ [PCJ

FIGURE 64 PULSCO HYDRAULIC ACOUSTIC FILTER
COMPUTER MODEL FOR HSFR PROGRAM

Figure 65 is a simplified schematic of the verification test set-up show-

ing the two PULSCO unit locations for which tests were run. Tests were run

with MIL-H-83282A fluid. Figure 66 is a listing of innit data for the test

set-up with the PULSCO unit in the upstream position.

Design cut-off frequency for the ATP-l is 800 Hz (5333 rpm). Cut-off

frequency is defined as the frequency above which attenuation of pressure

pulsations is 90% or higher, i.e., the pressure pulsation level transmitted

downstream of the unit is less than 10% of the input level. Direct verifica-

tion of this characteristic would require testing of the PULSCO unit in a

circuit with a low termination impedance, i.e., minimum reflecting at the

termination.

67



5.25 IN.
S-I "- ¶10.3

F-15 INSTRUMENTED PUMP FL D MIL-14-t3SZA

CONFIGURA TION if

42 I N.--- I -. 73.6 IN.

FIGURE 65 PULSCO ACOUSTIC FILTER FREQUENCY
VERIFICATION TEST SET-UP

RESPONSE IS CALCULATEO FRON M 0,00 TO 0000.00 3.P.N. 1 INRCREMENTS OF *0.00 R.P*.0
RESPONSE IS PLOTTEO FOR THE -PIPST- HARMONIC FONOIIECy

NU00E0 Of PVMP0NO FLCMEPTS. 9.

FLUIDO DITA 101 RL-M-gII A? $€0000.0 PSIG AND 1)O.O 00 F

IULK MODULUS *J:i sO6

U&:I~ *000***lOO*H***90000**.*0**000000
0 0

.**.TEN
0 

ELEMN RIOT PhUT

Type T.. ............. . . . . PHYSICAL DATA ..................T........ . .............

.1 .40 .0006 1.10 .•00? .690 .*70 .1t0
.*0000 1.500000 .000700 0.07000 00.7?000 00.01000 00.00000 011.19#

0.00000 .06000 .O OOO 1.07000 .0004? $0.00000 O100OOOO .60000
0 1 -0 ::0,001 0000.000 -0.000 0.000 -0.0002 1 -0 1'D00 1.000 . 100 1 .0.0000000 -0.000 -0.000 -0.000

1 1 -0 ".0 '0 : ".a: .:0 0 'O0000300,0 -0. 00 -0.000 -0.0000 a 00 0.OIi 0.045 0.070 -0.000 -0.000 -0.000 -0.000

*.SS000 . 1000 .o000010000000.OOOOO -0.00000 "0.00000 -0.00000 -O.00000
.45000 *.3700 *10000100000C0,00o0 -0.00000 -0.00O00 -0.00000 -0.k*4

5.410060 .9700 .100001000000.00000 -0.00000 -O.o0OO *O.0OOO0 -8.g0,..I 1 -0 7.|0 1.000 .000 100O000000.0 -0.000 -0.000 -0.000
0 1 -00 -0.0 -000 -0.000 -00•00 -0.010 -0.00*

I 1s -. .100 -0.000 -0.000 -000 -0.000 -0.000 -0.000
* 1 -0 11.,00 l.0.: *0.1 ..0000000 -000.000 -0.0 -0.00
10 a -0 11.000 1.000 .0%4 30000000.000 -9.000 -0.000 .0.0"
It 1 -0 10.000 1.000 .050 0000000.000 -0.000 -0.000 -0.004
to 10 - 12.000 1.000 .0*s O00000,04.00 -0.009 -0.000 -O.O0o
1i 1 0 1P.000 1.000 .001 00000000.000 -0.000 -0.000 -0.000
14 1 -0 12.000 1.000 0S1 10000000.000 -0.000 -0.000 -0.000
is 1 -0 00.000 1.000 O0S4 O0000000.000 -0.000 -0.000 -6.00
16 I -0 1I.000 1.000 .051 0000000.000 -0.000 -0.900 -0.060
IF 1 -0 4.19S 1.000 .000 10000000.000 -0.000 -0.000 -*.000
is 1 -" 4.000 1.000 0S6 000000.000 -0.000 -0.00, -6. "t
09 14 -0 744.000 0.700 -0.000 -0.000 -*.0o0 -0.00" 00

FIGURE 66 IiSFR INPUT DATA FOR PULSCO TEST CIRCUI V
HYDRAULIC SYSTEM FREQUENCY RESPONSE IPRtoRAM

The MCAIR verification effort demonstrated the net effect of the PULSCO
unit in the basic short line (9 ft) HSFR test circuit. Termination impedance
at the load valve is relatively high, and better simulates a real hydraulic
system where a downstream pressure filter/manifold results in major reflections
of incident pressure pulsations.
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a. Test Results and Model Verification - Figure 67 shows the basic

response of the basic 9 ft. test circuit, as shown and discussed in

Paragraph l.a. Measured resonances occurred at pump speeds of approxi-

mately 1350, 2600, and 3900 rpm. Peak standing wave pressure at the

3900 rpm resonance speed is about 525 psi.

. .........................................................

COMPUTED

MEASU RED
•oo.•o (RUN #65-81-P1)

I., r 1

P o . WKI i 9 1106 II 1Ah#F***Z wu o r llt P .0 00 rot 46001ThC 066S0

FIGURE 67 COMPUTED VS. MEASURED P1 PRESSURE
FREQUENCY RESPONSE
F-15 PUMP VERIFICATION TEST - SHORT LINE
MIL-H-83282 DATA PER AFML-TR-73-81
3000 PSI, 130°F, 2 GPM

Figure 68 shows an overplot of predicted and measured pressure pulsa-

tions (fundamental frequency) at the pump port plate outlet with the PULSCO

unit installed close to the pump in the same 9 ft. test circuit. Fluid tem-

perature was 130°F, and steady state flow was 2 gpm. Predicted response is

based on adaibatic bulk modulus data for MIL-H-5606B (See Paragraph 1).

By comparing Figures 67 and 68, the PULSCO device obviously alters

the acoustics of the test circuit. Resonant frequency location is shifted

and maximum pulsation levels are reduced by an order or magnitude (525 psi

peak to < 50 psi peak), both upstream and downstream of the test unit.

Reduction in measured pulsation levels occurs for pump speeds from

1000 to 5000 rpm. Figure 69 shows the same comparison of predicted and

measured response with the PULSCO unit at the downstream location. The

pulsations are reduced significantly from the basic circuit, although not

as much at the upstream position (1/4 vs 1/10).
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3000 PSI, 130-F, 2 GPM

Figure 68 shows that predicted amplitudes at the pump outlet are good

for pump speeds above about 60% of the design cutoff (5333 rpm). By exami-

ning computer plots for several locations, low amplitude resonances were

predicted at pump speeds of 850, 1650, 2650, 3100, and 4500 rpm. Analog

plots of measured data show resonances at 1000, 1600, 2800, and 4400 rpm.

Maximum peak pressure in the test circuit over the speed range is 55 psi

(1600 rpm). Predicted amplitudes at the lower frequencies are considerably

higher than measured values.

Note that resonance points are different than for the basic circuit

without the PULSCO unit.

Figure 69 shows that the location of PULSCO unit relative to the pump

is significant. It is less effective at the downstream location partic-

ularly for speeds below the 60% cutoff value. Resonances are predicted

at 750, 2050, 2650, 3100, and 4450 rpm. Resonances were measured at

1300, 2050, 2400, 3200, and 4300 rpm. Measured amplitudes are still
< 100 psi above the 60% cutoff speed (3200 rpm). MaximAm amplitudes at

< 60% of cutoff speed is 150 psi. Amplitude attenuation is evident for

pump speeds above 3200 rpm. Pressures downstream of the unit are less

than 40 psi, while upstream presaures range up to 150 psi. Predicted

maximum amplitudes are 180 psi downstream and 350 psi upstream.
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FIGURE 69 VULSCO FREQUENCY VERIFICATION PUMP OUTLET PRESSURE

CONFIGURATION II (DOWNSTREAM LOCATION)

Figure 70 compares predicted peak pressure pulsations for the basic

9 ft. tesc system, a volume element at the pump, and the PULSCO element

at the pump. The volume was equivalent to the total volume of the PULSCO

unit, 10 in 3 . This comparison shows the significant effect of the PULSCO

design over a simple volume. Maximum attenuation agrees with the design

cutoff frequency (5333 rpm). The apparent natural frequency of the unit

is about 2X cutoff (approximately 10,500 rpm). Figure 71 compares pre-

dicted circuit response with the PULSCO test unit, two scaled up sizes of

the test unit, and a large commercial PULSCO unit (ATP-6) used in the

transient model test circuit. All are effective in the using range to

5000 rpm, and unit natural frequency decreases with increasing size.

The effectiveness of the PULSCO unit was also verified in a real

system (F-15 iron bird left utility system) under a separate effort. The

unit was installed as near the pump as possible. Figures 72 and 73 com-

pare the actual system pressure pulsations before and after installing the

PULSCO unit. Results are consistent with the bench test verification results.

b. Conclusions - The HSFR computer program and the model of the PULSCO

acoustic filter can provide useful predictions of circuit frequency

response when the PULSCO unit is installed in a simple short line system.

Prediction of maximum pulsation amplitudes Is good for circuit

resonant frequencies above about 60% of the attenuator design cutoff fre-

quency. Predicted amplitudes for circuit resonances below 60% of cutoff

are several times measured levels.
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3. F-15 UTILITY FILTER MANIFOLD VERIFICATION

This section covers verification testing of the HSFR filter model.

Figure 74 shows the test circuit schematic. A pressure filter in the main

supply line is usually the first point in the hydraulic system for major

acoustic reflections. Proper simulation of the filter is therefore quite

important in predicting the standing pressure wave in the system upstream and

downstream of the filter.

The test filter consisted of a production unit as installed in a F-15

utility system manifold (S/N Q103). The manifold inlet check valve was removed.

The trombone section was included in the downstream circuit so that the impe-

dance of the circuit downstream of the filter could be varied. Test fluid was

MIL-H-83282A hydraulic oil.

-8 FLEX LINE 0.87 x 0.03 x 48.00
TO RETURN SLIDE TUBE 6061-T6

"1.00 x 0.05 x 36.00
FLOO P -4 TU3E 304 SS

CONTROL VALVEf 1.00 x 0.05 WALL 304 SS12 TO -8 A TUBE WITH TWO 0.50 IN.
PARKER REDUCER A HOLES IN SIDES, 1800 APART

AN919.23C REDUCER
AN815-16C

UNION DRILLED
F-15 INSTRUMENTED OUT TO 2.30 IN.
HYDRAULIC PUMP S/N038

SUCTION _

'PC, PP, XC, XH

PRESS IN 2

FýT -15

S.I. UTILITY-- 16 r-- ... M AN IF O L D:)

01 2 Note: All dimensions in inches

--- 29.00

-31.00

FIGUIRE 74 F-15 F:IITFR MANIFOLI) IISFR
V ERI F I CAT I'ON TEST SETI'UP
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Figure 75 shows the input data used to model the filter test circuit for

run 68-09. The filter is represented as a lumped volume. Volume with the

filter element installed was measured at 12.82 in 3 .

Figures 76, 77, and 78 show typical recorded data for three test condi-

tions. Fundamental and total pulsation pressure response is shown in each

figure.

Figures 79 through 82 compare predicted and measured standing wave plots

in the test circuit.

Figures 79 and 80 show comparisons for lower frequency resonences at oil

temperatures of 100*F and 210*F, respectively. In both cases, the filter was

located near to the maximum pressure of the standing wave by adjusting the

manifold outlet total length to 75 3/4 inches. Amplitude correlation is good

for these low frequency resonances. The standing wave shape is maintained

across the filter. Test data indicates some distortion of the wave across the

"T". The test and computed data are plotted against axial line lengths as

measured to the center of the "T".

orspomsf 1S CAt.CULAT0O 6FROM 50.00 TO 0000.00 R.O.M. IN EKC6P6MENTS OP 10.00 R.P.M.

IFSPONSEISI1 PLOITIO U'S' TOO -FIRST- HARMOONIC FREOULE*CY

NUMAFP OF PUMPING (LEMFNTS. 9.

FLUID DATA FOE HIL-4-01020 AT $000.0 PS|G AN0 210.0 DEG F

GESITY
:UL :761•,l?.04 FS

MUI NOOULIJS - .17F0 P 1 I

FLFMWT K ***********6** ************6SYST ***ELEMENT 066*? OAT*****6N6* 0 6*6E*** * 66*A**** 66606**66.

6 ...................................................PHYSICAL DATA ..............................................
TYPE TrP0

1 9 ti .190 .466 1.120 1.172 .699 .79 .140

.20000 19.50000 9.40000 3.7500 28.70o00 *6.25000 26.00000 11.71000

S0.00003 .06000 .7e000 Z.07000 .00042 80.00300 206.006000 .69004
1 0..O000 1.200 .00 00000000.000 0.000 0.000 0.000

1 0 0.000 1.*00 .100 30000000.000 0.000 0.000 0.000

4 1 0 7.500 1.000 .000 90000000.000 0.000 0.000 0.000

I 1 0 6.000 1.000 .OOP 30000000.000 0.000 0.000 0.000

* 1 0 7.000 1.0-0 .096 30000000.000 0.000 0.000 0.000

7 1 0 7.000 1.000 .05M0000000.000 0.000 0.000 0.000

4 % 0 *1.00 1.000 .050 10000000.000 0.000 0.000 0.000

9 1 0 2.000 1.000 .050 A0000000.000 0.000 0.000 0.000

0 1 0 0.000 1.06* .100 30000000.000 0.000 0.000 O.000

it 3 0 10.,qo 0.000 0.000 0.000 0.000 0.000 0.000

it 1 0 5.000 1.OA .100 00000000.000 0.000 0.000 0.000

00 1 0 1.000 1.000 .030 3000000.000 0.000 0.000 0.000
0* 1 0 6.105 3.000 .006• ]0000000000 0.000 1*000 0.000

05 1 0 6.000 1.000 .000 00000000.000 0,000 0.000 0.000
1 1 0 6.000 1.000 .000 10000000.000 0.000 0.000 0.0:O

1? 1 0 6.000 1.000 .058 30000000.000 0.000 0.000 0.004

11 1 0 1.070 1.000 .050 30000000.000 0.000 0.000 0.000

Is I a 0.000 0.,8 0.000 0 .000 0.000 0.000 0.000

to 1 0 0.000 1.0O0 ,0. 0000 .000 0.000 0.000 0.000

?a 11 0 .900 1.000 .05. 50000000.000 0.000 0.000 0.000

t 1 i 10.too 1.000 .050 SO000000.000 0.000 0.000 0.000

21 1* 0 106.130 1.000 0.000 0.000 0.000 0.000 0.000

FIGURE 75 HSFR INPUT DATA FOR THE F-i5
FILTER MANIFOLD TEST CIRCUIT
HYDRAULIC FREQUENCY RESPONSE PROGRAM
F-15 FILTER MANIFOLD VERIFICATION TEST
SHORT TUBE SETUP
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TOAL PULSATION CAFIRCL7

N ~, ,.RUN (8-211-PS
500 -7

400 - 1~_

-•" ,.20, 1 t--. """'.*'4" - W. '- :•

;, • . .__., . . . . . . . .. .

01

3 1 2 3 4 .

210,01 0  FNAMNA

3500~~~~~~~~~~~~~~P rpm at 10. Peitd mltdsaeseea0 ie0ihe hnmaue

values.

Figure 82 plots the standing wave for a system resonance at a pump speed

of 4650 rpm, and an oil temperature of 210*F. For this resonant frequency,

the filter is at or near a minimum pressure (maximum flow) point. This was

achieved with a manifold outlet to trombone tube length of 31 inches (Fig-

ure 74). Predicted resonant frequency was 4800 rpm. Both measured and pre-

dicted results show a significant reduction of pulsation amplitude across the

filter. However, computed amplitudes are 2 to 3 times higher than measured

values.

Resonant frequencies are generally somewhat more in error than that

typically predicted for a simple straight line circuit, and may be due to

inaccurate representation of internal passages in the filter manifold. The

high amplitude error at the higher frequency appears to be associated with pump

speed, not temperature.
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4. F-4 RESONATOR VERIFICATION TESTS

The lumped volume type resonator used on the F-4 hydraulic pumps was

installed and tested in two different positions in the HSFR test circuit.

Figure 83 shows the test circuit schematic for each resonator location.

-. =2i• ',=285.13--

TO RETURN

SUCTION AN939-12 F-2 RESOATO
"ELBOW P4- n AN91-23 REDUCER

AN919-23 TRANrSDUCER)
HYD REDUCER \P1

PUMP

lr.n~i1. 12 r TIC
I O 01. 4 P 21 3
1 H -2.87 11.12- 1.

S= ~ ~17 .8 7 -6} - 9 .0 0 - - - - i-,

UPSTREAM POSITION
Note: All dimensions in inches

.285.13
TO RETURN C

SUCTION AN939-12 F-4 RESONATOR

ELBOW P4 AN919-23 REDUCER
F-15 AN1-3TCNO. 4
HYD REAUCER-23
PUMP REU R

P3U

P2 (ROVING 1  -H 3.00 __ -1.12
TRANSDUCER) 1.12ý - ýK

-55.00 52.00
Note: All dimensions in inches DOWNSTREAM POSITION

FIGURE 83 r-1-4 RESONATOR
-tSFR VERIFICATION TEST SETUP

81



Figure 84 shows the computer input data used for simulating the test circuit

with the upstream resonator location. The resonator is simulated as a lumped

volume at the end of a short branch line.

Figures 85 and 86 shows typical fundamental frequency response in the

test circuits for upstream and downstream resonator locations.

Figures 87 and 88 compare computed and measured standing pressure waves

for a circuit resonant condition at each resonator location. Amplitude pre-

dictions are not consistent upstream and downstream of the resonator for the

downstream installation (Figure 88). Pulsations downstream of the resonator

are about the same (200-250 psip) for both locations. However, the downstream

location results in significantly higher pulsations between the pump and

resonator.

Figures 89 and 90 show standing wave peak pressures in the test circuits

for the fundamental frequency. Resonant frequency prediction is good.

Amplitude predictions vary from low to high, but the error is considerably

less than for filter and hose tests.

*OFSONSF 11 CALeuLi?35' 034- !0.) TO SOC0.C0 R.P.M. IN IN306033wS00 0 S 0.00 I.F.6.
4F91n9SE IS PtL'TTEP FOR T74 -Pt0S7 HARMONIC FREQOUENCY

NUM4EN O 4PUM014699 ELEMENT%. 9.

FLUID DATA P0O 41L-14*83M AT 1000.0 O•lO AND 130.0 0DE F

V]•C•TTY:-- PC--*7 Nl9 3 4

dJLK DO.ULUS - .7?3E 6Ob PSI

FLF*FNT oo~ee~eo~se~eooeee~eeqeeY? ftFPIF4T INPUTDTeeo ol eoeeeo ooooeeoee eeee

TY• ;1 S 1 ee-e-.e oe........ ... ......* .e.e . ..eeee..... ...... HYSICAL DATAe........ee.e..ee... e............*...... ..... .

.*0003 19.00000 9.40000 *.37500 84.75000 26.15000 1*.00400 21.75000

90.00000 .06000 .78000 1.07000 .00042 60.00000 90".006 .46,00

a 0 0 |.0o0 1.200 .100 30000000.000 0.000 0.000 0.000
a 1 0 $.S00 1.200 .100 30000000.000 0.000 0.000 0.000
4 1 0 14.66 1.000 .060 30000000.000 0.000 0.000 0.000

5 1 0 3.163 1.000 .036 00OC0000.000 0.000 0.000 0.000

0 1 0 ."1 1.0%4 .100 30000000.000 0400 0,000 4.000

7 1 0 1.?66 .879 .100 300C0000.000 0.000 0.000 0.000

a 1 0 1.709 1.11q .100 300"000.000 0.000 0.000 0.000

9 1 0 1.500 .78 .100 )0CO000.000 0.000 0.000 O.000

10 0 0 .000 .091 .100 10000000.000 20.000 0.000 0.000

I1 0 .012 .*. ,1000 30000000.000 0.000 0.300 0.600

is 1 0 .,91 1.004 .100 Io0co00.ooo0 0.000 0.000 0.000

i1 1 0 2.000 1.000 .06 300000000.00 0.000 0.000 a."$

14 1 0 12.000 1.000 .056 30000000.000 0.000 0.000 0.000

is 1 0 1IC,40 1.000 .050 30000000.000 O.O0 0.000 0.004

00 1 a 11.000 1.000 .056 3000001,O.000 0.000 0.000 0.600

37 1 0 100300 0 .O 1000 ,o6 3ooooo0.000 0.o00 0.000 0,000

1t 0 *0.0 1.0L0 .056 00007000,000 0,I00 0.000 6.000
191 0 12.4.0 1.0•' .0•4 l0000CCC*000 0.040 0.043 0.040
01 0 12,7O0 1.0-0 .03 0000(1c,0.000 4.000 0.o0 0.000

0, 0 0.970 1.000 .033 30000000.000 0.003 0.000 0.600

Et 1 0 1.121 1.010 .049 00000000.000 0.o00 0.000 0.000
is I. 0 10061O0 7.730 0.300 0.000 0.000 0.000 a. "s

FI(;URE 84 HSFR INPUT DATA FOR F-4 RESONATOR VERIFICATION
HYDRAULIC SYSTEM FREQUENCY RESPONSE PROGRAM
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400

PRESSURE 300 
001v___
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PLATE FIGURE 87 F-4 RESONATOR VERIFICATION

STANDING PRESSURE WAVE - FUNDAMENTAl, RESPONSE

UPSTREAM POSITION
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700 1 "Computed (3500 RPM)
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500N - , ,_ ....... t -

PRESSURE 400
-- -- - - -

SPSIP 300

200-----
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F0 1000 2000 3000 4000 5000
PUMP SPEED- RPM

FIGURE 89 F-4 RESONATOR
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300
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100 ,., _
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5. FLEXIBLE HOSE VERIFICATION

Figure 91 shows the test circuit schematics for verification tests of a

1 inch flexible hose at two different locations in the test circuit. The test

unit was a Resistoflex steel braided hose, P/N R44597A0204HK, 20 inches in

length. Static mneasuretients of equivalent bulk modulus were made on the hose

test specimen. These data are plotted in Figure 92 as total volume change vs.

pressure. Total effective bulk modulus of the hose and oil is approximatley

"AP-V 3100(124)•,B = -=
Be AV 4.69

B = 81,962 psi.e

UPSTREAM LOCATION

TO RETURN - .285.13

TSUCTION

F-15 R44151P-16 AN TO DYNATUBE UNION
HYD T/C NO. 4
PUMP

S,.UP2 (ROVING
P1 TRANSDUCER)

>.-RESISTOFLEX STEEL BRAIDED P3 kU
I HOSE P/N R44597AO204HK -.- 1. 12

------.-- 3.6389.00
20.00

Note: All dimensions in inches

DOWNSTREAM LOCATION

TO RET.RN. 285.13

SUCTION TOR UC

F-15 P2 (ROVING TRANSDUCER)
HYD RESISTOFLEX HOSE

PUMP T/C NO. 4

R44151P-16 AN TO
DYNATLIBE UNION 1. 12

-55.62 - 3.87 --33.12--•
20.00

Note: All dimensions in inc•hes

I.'CI. (UXE91. WS,-R HOSE VERIFICAT'ION TEST CIRCUITT
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0 1000.... 2 3 4000

PRESSURE - PSIG

FIGURE 92. BULK MODULUS OF ONE HIGH FLEX HOSE
MEASURED WITH

MIL-H-83282 FLUID & T , 75 0 F

Line subroutine models a hose as a line with a local acoustic velocity

based simply on the effective hose bulk modulus. The above estimate of effec-

tive hose bulk modulus is based on an average volumetric change from 0 to

3100 psi and could be considered as isothermal secant value. The HSFR program

typically uses adaibatic bulk modulus for the fluid with modifications to

acoustic velocity for line wall material elasticity and mounting. However,

the choice of a modulus value for hose simulation is academic considering the

difficulty of statically measuring hose modulus, in addition to inherent dif-

ferences in static and dynamic hose response.

Figure 93 shows the input data used for simulation of the circuit with

the upstream hose location. The hose was modeled as a lumped volume at the

middle of the hose length in the example data.

Figure 94 shows measured and computed maximum first harmonic peak

response in a straight, 1 inch diameter x 128 inches long line circuit.

Frequency predictions are quite accurate. However, predicted amplitudes at

resonant frequencies are all much lower than measured values.
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HYOPAULIC '.YSTrp FvO1v,4CY vE$sO-S4 PROGRAM
FLFXISLE 40SE VERIFICATION WITH FUnELFO VOLUME

RFSDONSF IS CALCULAT0O Fvn4 50.00 TO 5000.00 P.•'•. 14 INCREMENTS OF 50.00 RP.,.N

RESPnNSE IS PLOTTED FOR THE -IPIST- HARMONIC FREQUENCY

NUMBER OF PUMP1NG FL•ENNTS. 9.

FPUID DATA F94 NIL-4-83282 AT 3000.0 P1IG AND 130.0 0DE F

VySCqOSITY - ?InF:01 R.*2$EENS TY - .TqOF-04 tL -SFC**1) 1N8'4
BULK MODULUS .Z3E.06 PSI

f EPINT ELEMEN**R*4*oRP**S**MRP*RPPe~tosReeeeR*oRRR0eeSYSTEM ELEMENT INPUT OATAeRee RPe o SRSPPRRSRR.OPPPPooRoeeO.RRMRPoehe

S K .... ................................................. PHYSICAL ODATA ...............................................
TYPE TYPE

1 9 21 .190 .666 1.220 1.172 .698 .570 .160
.20000 19.50000 9.40000 3.37500 28.75000 26.25000 26.10000 21.75000

50.00000 .06000 .78000 2.07000 .00042 80.00000 ZOO.00000 .69000
2 1 0 8.000 1.200 .100 30000000.000 0.000 0.000 0.000

3 1 0 3.500 1.200 .100 30000000.000 0.000 0.000 0.000

4 1 0 10.000 1.000 .058 30000C00.000 0.000 0.000 0.000

5 3 0 12.000 0.000 0.000 0.000 0.000 O.Oco 0.000
6 1 0 10.000 1.000 .05e 30000000.OCO O.COo 0.000 0.000

7 1 0 3.630 1.000 .058 30000000.000 0.000 0.000 0.000

a 1 0 12.000 1.000 .058 30000000.000 0.100 0.000 0.000

9 -1 0 12.000 1.000 .058 30000000.000 0.000 0.000 0.000
10 1 0 12.000 1.000 .058 30000000.000 0.000 0.000 0.000

11 1 0 12.000 1.000 .058 30000000.000 0.000 0.000 0.000

12 1 p 12.000 1.000 .058 30000000.000 0.000 0.000 0.000

13 1 0 12.000 1.000 .0508 30000000.000 0.000 0.000 0.000
14 1 0 12.000 1.000 .05M 30000000.000 0.000 0.000 0.000

1i 1 C 1.977 12.00 .058 30000000.000 0.000 0.000 0.000

16 1 0 1.125 1.000 .058 30000000.000 0.000 01000 0.000

1? 14 0 3•9.510 7.700 0.000 0.000 0.000 0.000 0.000

1 0 PLOTS FOR INPUT TO ELEMENT NUMBERS 4 5 14

FIGURE 93. HSFR INPUT DATA FOR HOSE VERIFICATION TEST

800

o MeasuredI\

* Computed

600 0_

PRESSURE 400_,_

PSAI\

200_

00 1000 2000 3-00 40000) 5000
PUMP SPEED- RPM

FIGURE 94. KAXIMVM FUNDAMENTAL PEAK RESPONSE IN TEST CIRCUIT
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MIL-H-83282 1306F 2 GPM
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Figures 95 and 96 show typical measurements of fundamental frequency peak

pressure response in the test circuit for upstream and downstream hose loca-

tions, respectively.

Figure 97 cumpares peak circuit response with the hose located near the

pump outlet. The hose results in a significant reduction of pulsation pressure

amplitudes from those of a straight line (600 psip vs 150 psip). The hose cir-

cuit has several low level resonances at the lower frequencies which do not

appear in the straight line circuit. This indicates that the hose is acting

as a reflection point, an effect which is not predicted.

Pressure predicted with the measured hose bulk modulus (81,962 psi) do

not reflect the reduced pressures. Lower amplitudes (200 psip) are predicted

using a bulk value of 10,000 psi, however significant resonant frequency errors

remain, as well as a high amplitude error at the higher frequency. The high

predicted amplitudes are similar to the errors in predictions at the higher

speeds in the filter verification test.
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FIGURE 95. STEEL BRAIDED HOSE UPSTREAM LOCATION
74-01-PP FUNDAMENTAL
2 GPM 130*F
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FIGURE 97. MAXIMUM FUNDAMENTAL PEAK RESPONSE IN TEST CIRCUIT
HOSE UPSTREAM LOCATION

MIL-H-83282 130OF 2 GPM
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Figure 98 compares peak circuit responses for the hose located in the

downstream position. Errors in predicted amplitudes are about the same as

for the upstream position. Double resonance points are evident, probably

resulting from two lengths in the circuit; pump to hose, hose to valve.

S~500

0 Measured
O M rComputed (Be = 81,962 psi)

40O

300
PRESSURE

PSIP

200

100-___

0-
0 1000 2000 3000 4000 5000

PUMP SPEED - RPM

FIrqIRE 98. MAXIMUM FUNDAMENTAL PEAK RESPONSE IN TEST CIRCUIT HOSE DOWNSTREAM POSITION
MIL-H-83282 130°1F 2 GPM

Several factors were investigated in an attempt to explain the large

errors in predicted amplitudes for the hose circuit at higher speed resonances

(2500 to 5000 rpm). Large variations in predicted pulsation amplitude can be

effected by varying the hose equivalent bulk modulus. Values of 1000, 10,000,

81,962, and 1,800,000 psi were used. Low values of bulk modulus reduce ampli-

tudes, but produce large errors in predicted resonant frequency by increasing

the number of resonant responses, i.e., lowering the natural frequency of the

circuit.

The hose was modeled as lumped volumes of 12 in 3 (actual) and 20 in 3 at

its center, and 12 in 3 at the downstream end of the hose. Large amplitude

error, at the higher speed resonances remained, however resonant frequency

predict;ons were not altered significantly (300 rpm).
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The effect of pump pre-compression was examined. Pre-compressed cylinder

pressure was varied by changing the estimated leakage during pre-compression

in the PUMP subroutine.

Pre-Compressed Resonant Change in Predicted
Pressure Speed Pulsation Amplitude

1000 to 2000 psi 1175 rpm + 10%

1600 to 2800 psi 2600 rpm + 5%

1900 to 3040 psi 3750 rpm + 10%

2100 to 3120 psi 4800 rpm + 10%

Resonant frequency prediction was not effected by pre-compression pressure.

6. JET FUEL STARTER (JFS) ACCUMULATOR VERIFICATION

Figure 99 shows the test circuit schematic for each of the two accumula-

tor locations tested. The JFS accumulator was installed on a "T" branch off

the main supply line. Gas pre-charge was 1500 psig. Estimated accumulator

piston weight is 9.26 lbs (.024 lbs-sec2 /in).

Figure 100 illustrates the input data used for modeling the test circuit

with the accumulator in the upstream position. Figure 101 shows a typical

fundamental frequency pressure response in this modeled test circuit as a

function of pump speed. Figure 102 plots the maximum peak pressure responses

measured in the circuit and compares them to the computed values. Resonant

frequency predictions are very good. However, amplitude predictions range

from very high (1900 rpm), to close (2700 rpm), to low (4150 rpm). Ampli-

tudes are somewhat lower than in the basic straight line circuit (Figure 94)

particularly at the lower resonant frequencies.

Amplitudes are approximately the same upstream and downstream of the

accumulator "T". Resonant frequency location and separation are shifted from

uniform 1200 rpm separation of the straight line configuration.

Figure 103 shows a typical fundamental responsa meaLsred in the circuit

with the accumulator located downstream. Amplitudes are about the same as with

the upstream position. However the wide separation in resonant frequencies

occurs between the lt and 2nd response rather than the 2nd and 3rd. Figure

104 plots the maximum peak pressure responses in the circuit (downstream loca-

tion) and compares them to the computed values. Resonant frequency predictions
are accurate as with the other circuit. However, amplitudes predictions are in

error by about the same amount.
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"UPSTREAM LOCATION
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FIGURE 99. JFS ACCUMULATOR TEST CIRCUITS
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jrs ACCU"ULATON VINIPICATION -P385 SYST14-

OrsPnW¶f Iq CA1CULATIO 'N 90.00 TO $000.00 . Ine INCSS•WNTS 'W 10.00 *.*.A.
'f5PONSI IS PLOTTED PO THI -. jO%9* MARPONIC FRIGUINCY"WUPOFS OF UPP140G ILERENTS. 9.

FLUID DATA fill PIL-RW--3ap AT 3000.0 P$t# AND 130.0 OF4 F
4
1j~W00UUS P00F:Q *~iF

SIX '40'UL - ,12.1- 1Z 1FfA0;;Y F•-LEM*141 INPUT

F • ***.4e*ec *eee*Ar Ne*Am **e~e4A.44..* *5e*e*,ee~e~yyNFIWo~eI4TYS|UL OATA+*++***I*v*@@***e*Al~l*A@*eees • el*esO*A...e*e.

......I ............................. WhYSICAL DATA .............................................TYPE TY+ PC*• *.

1 • 77 .190 .666 1.120 1.172 .649 .570 .160
.?0000 1o.0000 9.40000 5.5,500 2o.79000 26.15000 26.00000 21.15000

90.00000 .0A000 .70000 P.07000 .00C42 80.00000 200.00000 .9000
2 1 0 0.000 14r00 .100 10000000.000 0.000 0.000 0.000
3 1 0 1.500 1.200 .100 30000000.000 0.000 0.000 0.000
4 1 f 7.11?5 1.000 .058 30000000.000 0.000 0.000 0.000
q 1 0 1.201 1.000 .058 3W00000.000 0.000 0.000 0.000

I. 1 3 1.*?? .950 .100 30CO0000.000 0.000 0.000 0.000
7 6 12 0.000 0.000 0.000 0.000 0.000 0.000 0.000S1 I 1.o2 .90 .100 10000000.000 0.000 0.000 0.000

1 2.457 1.000 .055 30000000.000 0.000 0.000 0.000
10 1 0 11.12, 1.030 .058 O0000000.00, 0.000 0.000 0.000
13 1 0 1P.000 1.000 .055 30000000.000 0,0i0 0.000 0.000

1 0 11.000 1.000 .058 00CO000.000 0.000 0.000 0.000
13 1 0 11.000 1.000 .05A 10000000.000 0.000 0.000 0.000
14 1 0 12.000 1.000 .055 30000000.000 0.000 0.000 0.000

is 1 0 17.000 1.000 .0s 10000000.000 0.000 0.000 0.000
1A 1 0 lz.00C 1.040 0%A 10000000.000 0.000 00O00 0.000
17 1 0 %.-75 1.000 .058 300C0000.000 0.000 0.,00 0.000

1. 1 0 1.1" 1.), ,vp 3 cOocO.cc0 , 0.C0 0.100 0.000
3* 14 0 3NO.610 7.700 0.000 0.000 0.000 0.000 0.000
Ž0 1 0 7,701 .950 .100 30000000.000 0.000 0.000 0.000
P1 1 c 1.250 .@0 .100 30000000.000 0.000 0.000 0.000
Z' is 10 .024 2.500 *lMS 3000000C.000 215.co0 70.000 1500.000

3000,0l300 .10000 0.00o00 0.00000 0.00000 0.00000 0.00000 0.0000s

FIGURE 100. HSFR 1NPUT DATA FOR JFS ACCUMULATOR VERIFICATION
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FIGURE 104. MAXIMUM FUNDAMENTAL PEAK RESPONSE IN TEST CIRCUIT
F-15 JFS ACCUMULATOR-DOWNSTREAM POSITION
MIL-H-83282 13 0 °F

7. HSFR - SUMMARY AND CONCLUSIONS

1) System resonant frequencies predicted by the HSFR program for a simple

short line system are accurate within about 2% - 4% (100 rpm from 2500 to

5000 rpm). Resonant frequency locations with the F-4 Helmholz resonator,

JFS accumulator, PULSCO attenuator, and F-15 utility filter manifold

circuit configurations were also predicted with 2 - 4% accuracy. Predic-

tions of resonant frequencies in the hose circuit wore less accurate

(10 - 15%) and failed to show all of the resonances in the circuit.

2) Predicted amplitudes of peak pressure pulsations at system resonant

frequencies are 30 to 50% lower than values measured in the short straight

line system. The accuracy of amplitudes predicted in the filter circuit

are about + 30% at the lower resonant frequencies (2200 rpm). However,

predicted amplitudes in the filter circuit are 200 to 300% high at the

higher resonant frequencies (3500, 4650 rpm).

Amplitude predictions are consistently high (0 to 400%) for the hose

circuit, with an apparent frequency dependent characteristic similar to

the filter circuit. Amplitude predictions were relatively good (+ 30%)

for the F-4 resonator circuit, and poor for the JFS accumulator circuit

with no apparent frequency dependence.
3) Predicted and measured amplitudes of resonant pressure level decreased

with increasing steady state flow from 0 to 20 gpm in the simple short

line test circuit. Reduced reflections at the terminating load valve as

flow increases results in a net reduction of the standing pressure wave

amplitude, even though predicted pump pre-compression characteristics

degrade slightly with increasing flow for a given shaft speed. An 96
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increase in pulsations with higher flow, i.e., the opposite effect, is

observed in a single long line test circuit and in full scale iron bird

systems comprised of multiple long-line branches. Pump pre-compression

may be more significant to pulsation levels than is the change in dynamic

load with increasing flow in a long-line multibranch system.

Resonant frequency locations are unaffected by varying pump steady

state flow level from 0 to 10 gpm in the short line test system.

4) The HSFR program and the model of the PULSCO acoustic filter provided

useful predictions of circuit frequency response when the PULSCO unit i1

installed in a simple short line system. Prediction of maximum pulsation

amplitudes is good for circuit resonant frequencies above about 60% of

the attenuator design cutoff frequency, but is several times measured

values for circuit resonances below 60% of cutoff levels.

5) The accuracy of predicted pressure amplitude at system resonant fre-

quencies decreases at harmonics of the pumping frequency.

6) An 80*F increase in oil temperature decreased the system resonant

frequency locations by about 400 rpm (pump shaft speed).

7) Internal outlet passages of the F-15 putmp port cap and manifold should

be modeled as lengths of line (outlet size) rather than as a lumped

volume.

8) Table 2 compares the overall pressure pulsation characteristics

measured in the straight line test circuit wit:h the various components

installed.

TABLE 2

COMPARISON OF MEASURED PRESSURE PULSATIONS WITH VARIOUS

TEST CIRCUIT CONFIGURATIONS

TEST CIRCUIT 1UMBER OF MAX PULSATION IN
CONFIGURATION RESONANCES CIRCUIT (130-F)

(2000-5000 RPM) (2000-5000 RPM)

Short Straight Circuit 3 770 psip
(1 in OD x 9 ft)

PULSCO Filter (APT-i)
o Upstream Location (at pump 0 40 psip

o Downstream Locationmanifold) 1 150 psip

Hose (1 in. OD x 20 in)
o Upstream Location 3 180 psip
o Downstream Location 4 160 psip

Filter (F-15 Manifold) 2 300 psip

F-4 Helmholz Resonator
"o Upstream Location 3 300 psip
"o Downstream Location 3 670 psip

JFS Accumulator (215 in
3 )

o Upstream Location 3 490 psip
o Downstream Location 2 700 psip
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The small (10 gpm) PULSCO acoustic filter was the most effective

device in reducing pressure pulsations over the full range of hydraulic

pump operating speeds. Pulsations were reduced by an order of magnitude

(770 psip to 40 psip). Similar performance was verified with the PULSCO

unit installed in the F-15 iron bird utility system. The 20 inch hose

produced a significant reduction in amplitudes (770 psip to 180 psip),

independent of its location in the circuit. The filter and F-4 resonator

were effective to lesser degrees. The large accumulator (JFS) has rela-

tively little effect on circuit pulsation level, particularly at the

downstream location. Significant changes in resonant frequencies occurred

with different accumulator locations in the circuit. The large piston

mass and/or non-flow through installation (tee) reduced its effectiveness.

9) PULSCO and F-4 Helmholz acoustic units are the most effective when

installed close to the pump. Locating the F-4 resonator or filter

several feet downstream of the pump retains high pulsations upstream of
the unit, although significant attenuation of pulsations downstream of

the unit are achieved.

10) The HSFR program/PUJMP subroutine can be used effectAvely to study

pump hanger torque, port plate valve timing, and piston cylinder cavita-

tion characteristics. Model predictions indicate that the F-15 pump has

good overall pre-compression characteristics throughout the operating

range of shaft speed and flow delivery. Predicted decompression shows a

slight cavitation condition in the cylinder for all flow rates up to

40 gpm.

11) The HSFR program may be used to study resonance characteristics of a

hydraulic suction/return system. However, return system frequency

analysis was not part of the contract scope, and is not verified.

Resonant frequency predictions in the return system should be reasonably

good, owing to the use of the same computation method and models as are

used for pressure system analysis. The accuracy of predicted pressure

amplitude at return system resonances is unknown.

12) The importance of total circuit acoustic analysis cannot be under-

estimated. While an acoustic attenuator may be sized for a particular

frequeucy, its installation will alter the basic frequency response of

the circuit. The net effect of the attenuator or other system change

can only be evaluated in the circuit, whether by analysis or test. The

complex interrelationship between the pump and system dynamic load cannot

be ignored in the acoustic analysis of hydraulic systems.
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SECTION V

COMPUTER SIMULATION AND TRANSIENT TEST RESULTS

The transient data obtained in the Dynamics Laboratory from the test

bench shown in Figure 105 was used in conjunction with the HYTRAN computer

program to verify a mathematical element model. In general for any one

element a minimum of six variables were measured and recorded. These

variables ate the pressures and flows taken from the two instrumentation

stations in Figure 105. A portion of this recorded data was used in the

HYTRAN computer simulation of the test run to provide boundary conditions.

The output from the computer program was the flow and pressure plots at

the recorded data points. The plots were compared to the recorded data not

input with the simulation and the math model of the element being tested

was either corrected or verified from this correlation. To illustrate

the verification process the data taken in the laboratory and the computer

simulation of the test run is presented below for a line element.
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Poelt Lee for return 60 pai

,Traoaucer side testing pressure side Relief

(2)
-- s1 (2) (3) •1^

Accumulator IL L 5If~j.
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M to " 20 In 43nl Out

Volt (TMR.)

FIGURE 105 STEADY STATE AND TRANSIENT TEST BRANCH HYDRAULIC SCHEMATIC

A 99



In the testing of the line element during a turn-off transient (Figure

106), the transient is supplied by a fast valve (1 msec typical closing time)

downstream of the line specimen. Steady state values of pressure and flow

are being recorded when the valve is closed at time tI. The response to

the valve closure is recorded on magnetic tape for PI, P2 , P3 , P4 , Ql, Q4

and valve position. To analyze the data it is transferred to a computer

data file by the methods described in Section III, Paragraph 2. Before

data can be processed with the HYTRAN program, the physical description of

the test system to be simulated is input. For the line model the two

instrumentation sections and the line test specimen is all that is required.

The pressure histories at the upstream (PI) and downstream (0 4 ) end of the

line test setup are used as boundary conditions for the computer simulation

of the test run. The HYTRAN computer program calculates the flows and pres-

sures for each time step in the transient analysis using the measured data as

the line end boundary conditions as shown in Figure 107.

P1 P4
PRESSURE PRESSURE

- TIME t0 TIME
tl+tl ti

RECORDED DA TA
USED FOR COMPUTER INPUT FAST

CEFCONTROL
F V V O AVALVE

TEST SPECIMENIMEWHERE
FLOW P01 P2 To,4 PO

FGOURE 1 C N UPRESSURE Ql 1 ' YSE
SYSSTEM

,-- L1- LENGTH-"

CONDITIONS: STEADY STATE FLOW, 0 AT t =0,

FAST VALVE CLOSED AT t - t1
PRESSURE WAVE REACHES P1 TRANSDUCER
AT tI +t0 TIME WHERE:

t1 - L/C

C - VELOCITY OF SOUND IN THE FLUID

01, 04, P1, P2, P3, P4 AND VALVE POSITION ARE RECORDED

FIGURE 106 RECORDING A TURN-OFF TRANSIENT
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FIGURE 107 INPUT AND OUTPUT OF COMPUTER LINE SIMULATION

The computer simulation which uses a combination of math models and

measured data gives plots of flows and pressures in the system. The plotted

computer outputs were compared to the recorded data which is not input

with the simulation. For the turn off run in Figure 106 this would be QI,
Q4 1 P2 and P3 . Good computer output/test data correlation verifies the

mode1 .. Accurate dynamic flow data is necessary to intelligently alter

the models, if that is necessary to achieve correlation.

A different boundary condition can be added to the computer siniula-
tion of the simple line system by inserting a fast closing valve in the

model downstream of the line and using the recorded valve position instead
of the line downstream pressure for input data. This technique allows the

variables measured in the laboratory to completely define the component of

interest.

The majority of the testing was done at 125 and 210OF with flows

ranging from 11.55 to 38.5 CIS. The percent of dissolved air in the
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hydraulic fluid was less than 1% by volume. Two fluids were used in the

transient testing - MIL-H-5606B and MIL-H-83282. Any test conditions that

deviated from the above are noted where applicable.

1. LINE MODEL VERIFICATION

An analysis of the test results obtained in the laboratory compared

to the HYTRAN computer program line model is presented in this section.

The testing for the HYTRAN line model verification was performed on a 1/2"

diameter x 30 ft long tube with MIL-H-5606B hydraulic fluid.

The line subroutine uses the classical distributed parameter wave

equations to model the lines. The equations are solved using the method

of characteristics and finite difference techniques. The steady state

and dynamic friction subroutines are called to obtain the friction informa-

tion for the line. The dynamic friction subroutine uses a decaying func-

tion of dQ/dt to calculate the frequency dependent friction.

a. HYTRAN Computer Simulation with Line Test Data - The most accurate

test of a computer simulation comes from inputting only the steady-

state boundary conditions to the program and letting it predict the

resultant transients in the system from a valve opening or closure.

To obtain steady state boundary conditions, one has to start at

places where flows and pressures are known and easily measured, such

as accumulators and rc-,ervoirs, to run the simulation. In verifying

the line model it would be unwise to include other components into

the computer run of the system, since the effects of these other

components may not be completely understood, and their math models

have not yet been adequately verified. Thus in the line model

verification programs only lines and components that have minor

effects on the line simulation were used in the computer program.

Both turn-off and turn-on transients were compared to the actual

computer outputs by over-plotting the measured data on the computed

resultant graphs.

For the turn-off transient simulation, a fast closing valve

and a line bounded by a constant pressure reservoir was used. The

system schematic is shown in Figure 108. This configuration was

used for Lurn-off transient analysis, because the boundary conditions

were easil) defined after the valve closure. For a turn-on transient,
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because of the short return line system (17"), there was very little

noticeable effect on the upstream baseline tube; and the steady

state boundary conditions were simple to obtain.

Component 1 Component 2 Component 3

30' test line with
•::• 2-18" inst rumen~a-

TEST91 tion sections VALV21 17" RSVR61•" Line 1 Line 2

Fast Closing Valve

FIGURE 108 COMPUTER PROGRAM SCHEMATIC OF TEST SYSTEM USING P1 DATA INPUT

Three components were used in the program schematic of Figure

108 in the computer simulation. They were, TEST91, VALV21, and

RSVR61. TEST91 was a subroutine that used recorded verification

test data. For each time step of the transient analysis, a test

data value was inserted as the line end point boundary condition.

Included in Line 1, were the 30 ft baseline tube, the two 18" instru-

mentation stations and a 15" line segment, which was immediately

upstream of the fast valve. Figure 109 shows the basic test stand

arrangement in the laboratory with the appropriate dimensions.

VALV21 was a control valve element for which the valve opening or

closing characteristics versus time were input. The valve subroutine

used tabulated valve strokes to calculate total valve area versus

time. Using the data from adjacent lines, it calculated the pressures

at its upstrean. and downstream connections, along with the flow, and

returned the data to the lines. Line 2 was a 17" segment of 1/2"

diameter tubing going into the reservoir, which was modeled by

RSVR61. The 61 reservoir was a constant pressure type used in simula-

tions to provide a steady state boundary condition. Typically the

reservoir pressure was set to 50 PSI.
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• P1 pressure data was input through TEST91. The ,valve closing

or opening time was manually computed from the test data and then

•' input into the program. The computer program then predicted the flows

and pressures at. given distances down the lines. For the TEST91 sub-
:;,. routine the data was the actual interior line boundary points. The

•, valve and reservoir subroutines form the boundary conditions of the

lines and were solved simultaneously with the associated line charac-

teristic equations.

:• The HYTRAN program gave plots of pressures at P1 , P 2 , P 3 and P4

and flows at Q1 and Q4 " The plots of P2 ' P3 , P4, Q1 and Q4were then

overplotted with the actual test data f or comparison.

The Q1 and Q4 data plots were obtained by applying a linearizing

equation to the recorded anemometer voltages. The equation was generated

by fitting a second degree curve through the calibration plot anemometer

voltage vs turbine meter flow. The pressure data was linear, m~eaning
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that transducer voltage is directly proportional to pressure, and no

other relationships was developed for plotting the pressure data.

Another set of boundary conditions used in the line model. verifica-

tion involved only the 30 ft tube and the instrumentation sections.

The HYTRAN program computer schematic is shown in Figure 110.

Component I Component 2

30' test line
vith 2-18" instrumentation

T7ST91 eionsu

Linte 1

FIGURE 110 HYTRAN SCHEMATIC OF TEST SYSTEM USING P1 AND P4 DATA INPUT

P1 and P4 teat data was input through the two TEST91 subroutines to

provide boundary conditions for the line simulation. Line 1 contained

the two 18" instrumentation sections and the 1/2" dia x 30 ft long tube.

The HYTRAN program printed plots of P2" P3. QI and for comparison

to the test data.

A HYTRAN computer program output plot. of P1 data that was input

with a simulaticn is showni in Figure Ill. The actual P1 test data

(continuous black line) is plotted over the graph of printed P's to

demonstrate that comparing computer plotted outputs to test data is

entirely ac'ceptable.

The first set of data to be compared to a computer run was for a

turn-off transient at 125 0 F.

With Figure! 112 input data and Figure 111 P1 data, the HYTRAN

simulation of the line model was run. Figures 113, 114, and 115 show

the computer printed outputs overplotted with laboratory test data.

Figure 113 is a plot of the P4 data over the computer predicted pres--

sure data for the P4 position. The computer output of P4 position is

nut exactly in the same location as the test data. From the test

configuration that was simulated, the P4 transducer is located 396 inches

from the P1 transducer (360 inches for the baseline tube plus 36 inches

for the instrumentation sectionr.). The computer printed out the pressure
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at 400.98 iuches along the line. The reason for this discrepancy is due

to the AX interval. chosen by the program for computation usirg the method

of characteristics. For the 411 inch line in Figure 112 the LX tes 10.0244

inches. Since pressures and flows are calculated only at each AX in the

program, the computed values closest to the distances spccit'ied by the pro-

grammer are output.

The computer output of P4 agrees favorably with the test data. The

asterisks by the P's in Figure 113 indicate pressure values that deviate

from the pressure trace. This could be due in part to mechanical vibra-

tions of the tube shown in the P1 input data (Figure 111) that propagate

through the transient calculations in the program.

The data taken in the lab is sampled at a .0002 second interval. This

data is not reprocessed in any way for noise content. Consequently all

mechanical and noise disturbances do appear in the P1 data. The method

of characteristics used in the computer program for the line model uses

every data point as a line end condition. Any small perturbation will be

reflected throughout the entire calculation. These changes may be rein-

forced or subdued depending on flow and pressure conditions existing in

the line.

The Ql and Q4 flow plots are shown in Figures 114 and 115.

The hot film anemometers positioned in the flow stream can only

measure flow magnitude and not direction. The computer output plots

of flow have the actual flow calculated printed out with the letter Q.

For flow reversals the magnitude of the flow is printed as an asterisk

character. The anemometer data was then directly plotted over the com-

puter plots for comparison.

In Figure 114 the flow reversals of the recorded test data shown by

the first, third, fifth, etc. peaks have a definite flow decay, while

the even numbered peaks indicate a flatter response. The computer

printout does not shcw this effect.

A possible explanation for the decaying flow reversals in the Ql test

data comes from the shape of the velocity profile under transient condi-

tions. When a steady state flow in a line is subjected to an abrupt valve

closure, the flow first reverses itself along the tube walls. As the reverse

flow becomes established the maximum velocity profile drops closer to the

tube centerline. Since the hot film probe is in a fixed pcsition close

to the tube wall, it can sense this apparent flow decay. The reason this
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does not occur for forward flows is because the maximum velocity profile

is closer to the centerline of the tube. The line subroutine in HYTRAN

4 does not currrently model this type of behavior. The computer output in

Figure 114 indicates this.

The computer plots do not agree in magnitude with the tesc data except

for the initial steady state flows. The actual test data indicates a slower

decay rate to the zero flow condition. The computed flows appearg ;o be

slightly overdamped.

Figure 115 is the Q4 computed output data. On the turn-off transiert

it fails to show the first peak flow near the valve. This is due to the

plotting interval chosen for the output plots. Pressure and flow calcula-

tions are made in the line simulation of the system transient for every

point of the P1 input data, which contains 1000 sampled points. The

computer can only plot 101 data pointLr for each graph, thus for 1000

data values every fourth point calculated I.s plotted.

.... ......................... I ................. . . .. 1

*.'CC 6.6 ETel:' "0.6 LIC-- l t

FICGURE 111 rl TEST DATA FOR A TURN-OFF TRANSIENT
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A turn-on transient at 1259F was simulated with the computer program.

The data input for the computer run is in Figure 116 with the computer

input information given in Figure 11.7. The output pressures and flows

are shown in Figures 118, 119 and 120. The P4 pressure data trace in

Figure 118 indicates good correlation with the computer output plots,

although the first peak pressure points for the P4 test data are higher

by about 150 PSI for the maximum value. The flow test data in Figures

119 and 120 show a gradual increase to the first maximum value from the

zero flow condition. The computer predictiona in both Figures 119 and 120

jump to a flow level immediately on opening the valve. The gradual in-

crease in the test data could be attributed to the time it takes the

fluid to develop a good velocity profile.

59000- ,, 'r.

R 3 .000 .. -- . . . .-

. ,Z El i . . ..... . . . . .. .

S t-------f-i-..--

S:,1 i ' " : ' i "
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FIGURE 116 .5 IN DATA 30 Fr. TUBE P1 TURN ON TRANSIENT
38.5 C15, 125 DEG F
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The steady state fluw at the end of the data run rises to about 45 CIS.

This is more exaggerated in Figure 119 than 120 because of the plotting

scales. The increase did not show up in the computer plots because the P1

input data did not contain enough pressure information to account for the

increased flow in the system. These results bring out some of the problems

with the hot film anemometers in the laboratory. Because of their posi-

tioning in the system they are not capable of measuring a mean flow, only

a local velocity limited to a specific region close to the tube wall. The

rise in steady state flow after .16 seconds in Figure 120 indicates an area

of turbulence around the probe tip. This eventually settles to 38.5 CIS

steady state flow after the flow profile has been allowed to develop.

The HYTRAN line model does not account for any delay that can occur in

the establishment of turbulent flow.

b. Effect on Dynamic Friction on Transients - Using the P1 data in Figure

111 the system in Figure 109 was simulated by the HYTRAN computer program.

The important difference in this simulation was that the effect of dynamic

friction was omitted from the simulation. The DFRICD subroutine is used

by the line model to calculate pressure loss due to dynamic friction

caused by fluid acceleration. The computer results of the simulation

are shown in Figures 121 and 122. Figure 121 is an overplot of P4 data

on the computer predicted results. This plot shows the importance of

modeling frequency dependent or dynamic friction effects in the computer

program. The predicted pressure peaks are less attenuated than the data

resulting in a much squarer waveform. Also the pressure amplitudes take

longer to dissipate with only the static live friction in the model. The

frequency dependent effects are clearly Indicated by this plot. Figure

122 is the flow plot for this simulation.

c. High Temperature Line Model Verification - The HYTRAN computer simu-

lation of a turn-off transient at 210°F used Figure 123 test data and

Figure 124 input data. Figures 125, 126 and 127 show the computer printed

outputs overplotted with laboratory test data. Figure 125 is a plot of the

P 4 data over the computer predicted pressure data for the P4 position.

The computer output of P4 agrees favorably with the rest data. On

the data curve, the initial pressure peaks contain mechanical vibrations

which damp out as the run progresses in time.

The Q, and Q4 flow plots are shown in Figures 126 and 127.
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A turn-on transient at 210*F was simulated with the compucer pro-

gram. The data input for the computer run is shown in Figure 128. The

output pressures and flows are shown in Figures 129 and 130. The P 4 pres-

sure data trace indicates good correlation with the computer output plots,

although the initial pressure dip for the P 4 test data is not present

in the computed plot. The flow test data for Figure 130 shows a gr A1

increase to the first maximum value from the zero flow condition. The

computer prediction in both figures jump to a flow level immediately on

opening the valve. The gradual increase in the test data could be attrib-

uted to the time it takes the fluid to develop a good velocity profile.

c. Conclusions - The HYTRAN line model calculations of flows and pressure

compare well with the test data measured in the lab. Some discrepancies

exist betw'een the data and the mathematically predicted results as already

noted. The results indicate that the line model is reasonably good.
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2 HYTRAN CAVITATION MODEL VERIFICATION

In this section the test results obtained for cavitation effects in

a system return long line are compared to the HYTRAN computer program line

model. The testing on the line was performed on a 1/2 inch tube with MIL-H-

5606B. In the HYTRAN program the pressures at the component ports are calcu-

lated. If this pressure is less than the oil vapor pressure, cavitation condi-

tions exist at the line end points.

The return line test series was run on the system configuration shown

in Figure 131.

The following parameters were recorded in the laboratory for the test

runs: P1. P 2 , Q2, P3, Q3, P 4 and valve position. P1 , P 4 , P 5 and Q3 were

recorded directly onto cassette tape.

The test runs are listed in Table 3.

a. Computer Simulation with Return Line Test Data - A return line turn-off

transient at 125*F and 38.5 CIS was simulated with the HYTRAN computer

program. The input boundary conditions were the l0-07-P5 pressure taken

immediately downstream of the JFS accumulator in Figure 132 and the 10-07-

P4 pressure next to the F-4 reservoir in Figure 133. The system input data
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is shown in Figure 134. The dynamic friction at the line end points were

set to zero whenever the pressure fell to the fluid vapor pressure in the

DFRICD subroutine. The computed results in Figures 135, 136, 137, 133 and

139 show good correlation to the data. The predicted pressures are slightly

higher than the data and the phasing between the measured data •nd computed

results is better but after the third pressure peak they drift apart 's

shown in Figures 135 and 136. All pressures and flows do settle to the

proper steady state values.

The flow plots ia Figures 138 and 139 shown the deceleration of the

fluid after the turn-off command at 890 mil"iseconds. The flow is then

reflected and gradually dam*"ens out.

rr
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DOWNSTREAM LOAD VALVE
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ACCUMULATOR

---- 364 IN.-1--- 6 2N.- I--4 IN.--

P2. Ro P1- -- -
CONTROL VALVE

UPSTREAM LOAD VALVES CHECK( VALVE
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FROM PUMP A

rFiGURE 131 RETURN SIDE TRANSIENT TEST CONFIGURATION
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TABLE 3

TEST COND)ITIONS FOR 1/2" DIA X 30 FT LINE

Test Ruii # Flow Condition Flow Rate Temp
Specimen _____ Ca(F)

1/2" dia x 30 ft line lO-07-XX* Turn-Off 38.5 125

lO-07+YX Turn-On 38.5 125

10-08-XX Turn-Off 11.55 125

" lO-08+XX Turn-On 11.55 125

lO-09-,XX Turn-Off 38.5 210

10-09+XX Turn-On 38.5 210

10-10-IVX Tur~n-Off 11.55 210
to10-10+XX Turn-On 11.55 210

*XX -Denotes measured data parameter

4-~000r- -...

I . . .7 - 7

U 3200- k-.-- ---- . .---- - -
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. . . . .. . . . .
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FIGURE 132 .5 IN. DIA. X 30 Fr. TUBE
10-07-P5 TURN-OFF TRANSIENT
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• A turn-on transient at 125*F was simulated with the computer program

at 38.5 CIS flow. The data input for the computer run is shown in Figures

140 and 141 with the computer input information given in Figure 142. One

output pressure is shown in Figure 143.The first pressure peak in Figure 143 correlates with the computed

output pressure. Subsequent computed pressures do not match the data.

However, the calculated data does settle down to the proper steady state

value. This run was made with the fluid vapor pressure at 2.0 psi and the

dynamic friction term set to zero whenever the line end points were equal

to or less than the fluid vapor pressure. The computer predicted resultsshow a much shorter reflection time for the second pressure peak. The

actual pressure data cavitates more in the 000 to 250 millisecond period.

The flow plot in 144 indicates why the computed results do not corre-

late. After the initial turn-on at 80 millisecond the flow in the lpne

makes a sharp dip. This physically is due to the filling of the return

lTne from the high pressuee. The computed data shows a small dip at 110

milliseconds which us enough to completely fill the dowstream lane in

the simulation but not in the actual data run.
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well past the normal transition Reynolds 'iumber. Similarly fox turn-off

transients the flow remains turbulent for a longer time period. The FRIC

subroutine in HYTRAN does not account for this phenomena. Once the tran-

sition flow is reached the appropriate turbulent or laminar factor is in-

cluded in the computation. Thus the computer program is predicting higher

losses than actually existed in the line. Figures 145, 146 and 147 show

data from a run made with the turbulent friction factor set to zero. They

show much better correlation to the actual data. Since the friction

term was incorrect, the pressure does not settle to the proper steady

state value.
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b. Conclusions - The HYTRAN line model calculations of flows and pressures

under cavii~ation conditions did not compare well with the test data measured

in the lab. For turn-off transients reasonable correlation was obtained

when the line dynamic friction was set to zero. DFRICD was zeroed when-

ever the pressure at either end point was equal to or less than the fluid

vapor pressure.

The computer output results for the turn-on transients also did not

compare well with the data. The majority of the error may be attributed

to the use of the turbulent friction term when the Reynolds number reaches

the transition number, while in reality the line flow is still laminar.
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3. PUMP MODEL VERIFICATION

The transient test results are compared to the HYTKAN computer pump

subroutine - PUMP51.

The transient test series were run on the system configuration shown

in Figure 148.

A brief summary of the test conditions for the F-15 instrumented pump

is shown in Table 4.

TABLE 4

TRANSIENT PUMP TESTING

Test Series No. Fluid Type Special Conditions

63 MIL-H-5606B Check Valves in Pump
Manifold
MIL-H-5606B Oil

64 MIL-H-5606B No check valves in
Pump Manifold

MIL-H-5606B Oil

65 MIL-H-83282 No check valves in Pump

Manifold
MIL-H-83282 Oil

Corrected Hanger PosiLion

Data recorded for each test condition were:

"o System supply line pressure (P1)

"o Suction pressure (Ps)

"o Case drain pressure (PCD or P2)

o Line pressure near control valve (P5)

o Transient control valve position (XCV)

o Pump control (actuator) pressure (PC)

o Pump Outlet Pressure (PP)

o Hanger Position (XH)

o Compensator Spool position (XC)

o Drive torque (DT)

o Drive speed (DS)

The system reservoir pressure was kept at 50 psig by an independent

bootstrap a~ccumulator source as shown in Figure 148.
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FIGURE 148. TRANSIENT PUMP TEST SETUP

a. Test Series (3 - Transient Tests with Check Valves in Pump Manifold -

The first transient test series with the F-15 instrumented pump was

performed with check valves in the pump manifold at the pump outlet

and case drain lines. These check valves were designed to keep the

lines to the pump from draining when the pump is removed from the

mpnifold. Their presence also affects the pump internal dynamic

operating characteristics. MIL-H-5606B hydraulic oil was used in the

test fixture.

All the 63 series tests are shown in Table 5 which contains the

run numbers for each test.
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"TABLE 5

"Hytran Pump Model Verification Test -63 Series

Steady State Control Valve Case Pressure Pump Temperature Run Number

flow Levels (CIS) Operating Time (S0C) At SS Leakage Speed Pump Inlet Turn On (63-XX+U)

Lo Hi On Off Condition (1.5-3.8 CIS) (RPM) (Dog 1) Turn Off(63-)I-XX)

1. Load Level Effects
2.0 - 1.5 .002 .002 100 P510 4000 130 63-01
2.0 - 38.5 .002 .002 100 PSIG 4000 130 63A02

2.0 - 77.0 .002 .002 100 PSIG 4000 130 63-03

1, LoUadina Rate Effects
2.0 - 77.0 .010 .010 100 PSIG 4000 130 63-11

2.0 - 77.0 .020 .020 100 PSIG 4000 130 63-12

111. Speed Rffectr
"2.0 - 57.75 .002 .002 100 PSIG 1600 130 63-20

2.0 - 57.75 .002 .002 100 PSIG 2500 130 63-21

2.0 - 57.75 .002 .002 100 PSIG 3000 130 63-22
2.0 - 57.75 .002 .002 100 PSIG 3700 130 63-23
2.0 - 57.75 .002 .002 100 PSIG 5000 130 63-2&

IV. Case Pressure Level Effects
2.0 - 77.0 .002 .002 220 PSIG 4000 130 63-40

v. Miait Flow - Small Load Changes
77.0 - lla.S .002 .002 100 PSIG 4000 130 63-50

115.5 - 154 .002 .002 100 PSIG 4000 130 63-51

In run number 63-03-Pi Figure 149 the pressure transducer is located

approximately 18" from the pump manifold outlet pressure port. The initial

pressure spike at about .028 seconds shows the arrival of the transient

pressure wave caused by the control valve closure and the subsequent

pump response. Run number 63-03-P5 in Figure 150 which is the pressure

trace close to the control valve shows the initial waterhammer wave cccurring

at .018 sec and the subsequent pump response superimposed on this wave

at .037 sec. It should be noted that this spike is not related to the

waterhammer phenomena but is simply the pressure response characteristic

of the pump being hit by the original waterhammer wave.

The high frequency content of the pressure traces results from the

pun.p rpni. The typical operating speed was 4000 rpm or a frequency of 600

hz for a nine piston pump.
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b. Test Series 64 - Transient Tests without Check Valves in Pump Manifold

To observe the dynamic pump characteristics it was necessary to remove

the check valves in the pump outlet and case drain lines. Many of the :ests

made in the 63 series were run again. Table 6 is a listing of the HYTRAN

pump model verification tests on the F-15 instrumented pump. MIL-H-56063

hydraulic fluid was used in the test system.

A comparison of runs with and without the check valves in the mani.old

show the effects that the valves have on the pump dynamics. In Figure 149

the check valve in the output pressure line keeps the pressure frem falling

below 3000 psi. The internal pump pressure in Figure 151 drops below 2000

psi and follows the actuator control pressure (63-03-PC Figure 52) response.

Both inlet and case pressures in Figures 153 and 154 exhibit .arge peak tc,

peak pressure values, the 63-03-PCD run appears to show a transducer resortance

problem around 40 milliseconds.

TABLE 6

Hytran Pump Model Verification Test -64 Series

Steady State Control Valve Case Pressure Pump Temperature Run Number
Plow Levels (CIS) Operating Time (SEC) At SS Leakage Speed Pump Inlet Turn On (64-XX+XX)

Lo Hi On Off Condition (1.5-3.8 CIS) (RPH) (Deg F) Turn Off(64-XX+XX)

I. Load Level Effects

2 - 19.25 .002 .002 100 PSIG 4000 130 64-01

2 - 38.5 .002 .002 100 PSIG 4000 130 64-02
2 - 77.0 .002 .002 100 PSIC 4000 130 64-03

II. Temperature Effects

2 - 77.0 .002 .002 100 PSIG 4000 210 64-30

III. Case Pressure Level Effects

2 - 77.0 .002 .002 120 PSIG 4000 130 64-40

IV. Suction Transient CavLtation

2 - 154 .007 .002 100 PSIG 4000 130 64-40(P SV'50 ?SIG)

2 - 154 .002 .002 100 PSIG 4000 130 U PS1
(PRESV-

2 5 
PSIG)

2 - 154 .002 .002 100 PSIG 4000 130 64-62
(PRESV- 0 

PSI)
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With the check valves removed in Figures 15.5 and 156 64-03-PI. and -PP

fall belovy the steady state pressure of 3000 psi. during the transient.

PP is the internal. pump pressure u~sed to conitrol the actuator position,

and PI is the pump outlet pressure about 18" from the pump manifold.

In 64-03-PP the iniý.ial waterhaminer wave hits the inlet of the pump

temporarily stopping the outlet flow. The pump responds Lo this condition

by increasing the outlet pressure to about 35(00 psi at 32 milliseconds

into the run. Much of the energy of this pressure wave is absorbed by

the pump and converted to actuator and subsequent hanger motion. Tr is

interesting to note that the pump outlet presaure wave does follow the

compensator spool position as shown -11n Figure 157. The measured sp~oo

position closely tracks the pressure for all the test runs that were made.

This fact was used in the model to compvute the pump outlet pressure knowing

a valve position.
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One notes the same type of phase similarity between the pump input

pressure 64-03-PS, Figure 158, and the actuator control pressure 64-03-PC,

Figure 159. The inlet pressure transducer trace (Figure 158) does show a

100 psi peak-to-peak pressure like 63-03-PC in Figure 159. The case pressure

64-03-PCD, in Figure 160, has only about a 20 psi peak to peak pressure.

At 50 milliseconds in 64-03-PCD there is a pump response that may be

related to some pressure inbalance inside the pump This spike is not

due to transducer resonance mainly because of its low frequency content.

c. Test Series 65 - Pump Transient Tests without Check. Valves in the Manifold -

The development fixture oil was replaced with MIL-H-83282, and the pump

steady state and transient tests were rerun to determine the effect, if

any, on pump performance. A list of the transient tests are shown in

Table 7.

The other results of the transient tests with MIL-H-83282 appear to be

identical to those obtained with MIL-H-5606B in the 64 series,
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TABLE 7

Hytran PuEp Model Verification Test - 65 Series

steady State Control Valve Case Pressure Pump Temserature Run Wu.ber
Flow Levejl (CIS) Operating Time (SEC) At SS Leakage Speed Pump Inlet Turn-On (65-XX+M)

Lo Hi On Off Zondition (1.5-3.8 CIS) (EPH) (DEG F) Turn-Off(65-XX+XX)

I. Load Level Effects

2 - 19.25 .002 .002 57 PSIG 4000 130 65-01
2 - 38.5 .002 .002 58 PSIG 4000 130 65-02
2 - 77.0 .002 .002 90 PSI 4000 130 65-03
2 - 77.0 .002 .002 58 PSIG 4000 130 65A03
2 - 154.0 .002 .002 49 PSIG 4000 130 65-04

II. §peed Effects

2 -2 57.75 .002 .002 49 PSIG 3000 130 65-22
2 57.75 .002 .002 49 PSIG 5000 130 65-24

III. Temperature Effects

2 - 17.0 .002 .002 53 PSIG 4000 210 65-30

IV. Suction Transient Cavitation

2 - 154.0 .002 .002 29 PSIG 4000 130 65-61
(PZsv-25 PSIG)

d. Verification of the HYTRAN Pump Model - For pump verification it was

necessary to establish adequate boundary conditions. The inlet pressure,

and case drain pressure were chosen. The suction pressure transducer

was located about 24 inches from the pump inlet, and the case transducer

was 13 inches from the pump case drain port. Figure 161 shows the HYTRAN

program schematic used in the pump verification runs.

Looking at the PS and PCD traces for any of the 63, 64 or 65 series

runs, one notes the superposition of the pumps ripple frequency on the

pressure wave. At 4000 rpm the frequency of the nine piston pump is

4000 REV 9 CYCLES 1 MTN CYCLES

MIN REV 60 SEC SEC

This ripple frequency superimposed on the pressure trace made the

boundary conditions very noisy. The noise manifested itself in the

pump math model and produced erroneous results. Typically at 4000 rpm

the pump input pressure would vary over a one hundred psi range in 1.6

milliseconds. The data was sampled at a .2 millisecond time step, thus

the calculation internal was .2 milliseconds. So in 8 Ats the input

pressure could vary by as much as 100 psi. In a complicated model where

many factors are interdependent this rapid change produced bad correlation.

It became necessary to modify the data to remove the pump noise. This was

142



accomplished by using a 100 Hz filter on the pressure signals when they

were played back from the analog tape into the wavaform analyzer. F65-03-1PS

in Figure 162 is a filtered su'ction pressure trace for a turn-off transient

at 77 CIS and 130*F. The unfiltered pressure trace is Shown in Figure 163.

Tlte unfiltered run had 100 psi peak to peak pulsations. After filtering

they were reduced to 5 psi peak to peak. The basic pump pulsation

frequency still remains, but a 5 psi change over 1.6 milliseconds provides

a better boundary condition than a 100 psi change.
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The main reason for filtering the data is because the internal pump

flow and leakages are treated as though the pump has a continuous

output rather than a summation of nine individual pumping pistons thus

requiring a reasonably continuous input. A model which includes the

dynamics of each piston would by necessity, be considerably more complex

and consume much more computer time than the current pump model.

S~Another analytical consideration was linearizing any leakage paths

S~and assuming them constant for a constant output pressure. The alternative

would be to go into very detailed calculations with the leakage

dependent on piston load, hanger angle, rpm and almost anything else

one cares to add. Unfortunately, this too would probably he inaccurate

so instead a simple leakage model was chosen. A steady state verification

test with MIL-H-83282 showed that the case drain pressure versus case

drain flow was linear from maximum to zero case flow. This translates

to a linear leakage path from case to inlet at any flow or pressure

conditions. These results help to verify the simple leakage model.
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In developing the model significant attention has been paid to the

compensator valve dynamics. The forces on the valve are a combination of

the outlet pressure force pushing against the case pressure ana spring

forces, with damping and flow forces acting in either directicn.

The compensator valve position is assumed to be directly proportional

to the differential pressure between outlet and case. Ine compensator

position is used to determine the pressures and flows conrected with

the valve.

During the initial verification effort the computer results indicated

that the actuator pressures were out of phase with the measured data. To

correct the phasing the effects of valve damping and hanger inertia were

Included in the computation. This provided enough lag to obtain the proper

alignment.

The internal case pressure was found to be about 50 to 100 psi higher

than the measured case pressure 13 inches downstream of the pump manifold

case outlet. This discrepancy was significant at the lower case drain

flo:q rates. The measured case pressure (Figure 164) showed a rise, a

small dip then another rise to the maximum pressure. The hanger position

65-03-XH in Figure 10 also exhibited this same characteristic. The computed

results for internal case pressure missed the first dip altogether and

overshot the second one.

N
260
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FIGURE 164. F-]5 HYDRAULIC PUMP
FbS-O3-PCD TURN-OFF TRANSIENT
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Not having an internal case drain pressure transducer hampered the

investigation on whether this was an accurate result. This hanger

position is affected by case pressure but other factors as piston and

actuator spring forces have a much greater contribution.

Our initial assumption was the internal case pressure characteristics

should nit deviate much from the measured line pressure. Stadying the F-15

pump and manifold schematics a quick d~sconnect fitting in the pump case

drain line was found to have a significant orifice. A spring loaded

poppet closes off the cape drain lines when the pump is removed from the

manifold to prevent oil spillage. With the pump mounted the flow out the

case drain line is impaired by three slots in the quick disconnect fitting.
2This opening had an area of about .04 in . The addition of this orifice

in the case drain computation significantly improved the computer simulation.

The computer simulation could now reasonably predict the initial

response characteristics of the pump. Problems still existed however in

the subsequent pump reaction to the initial transient. The general trend was

that the pump model was extremely underdamped. Different values of hanger

damping were tried without much success. The hanger damping term accounts

for velocity dependent friction factors in the pump. These factors include

the effects of hanger motion on the changes in precompression and decompression

when the hanger is in motion, plus many other terms that cannot be accurately

measured. Values below 15 psi/in/sec for hanger damping did not improve

the pump damping characteristics. Initial transient pressures would undershoot

and the subsequent response was extremely underdamped. Values above 30 psi/

in/sec had exactly the opposite effect. A reasonable value of hanger damping

appears to be 25 psi/in/sec.

The pump case volume was increased from 250 to 500 cubic inches to see

how the damping characteristics changed. The results of the run show that

the case pressure did not have the pressure dip on the initial transient.

The hanger oscillated at about 25 cycles/second after the initial response

and did not. dampen as quickly as the data shown in Figure 10 in Section Ill.

The valve dynamics are an important part of the computer simulation.

An initial value of .001" was used as the overlap for the value spool. The

test results indicated a much larger deadband area, on checking with the

pump manufacturer it was found that .016" was a more nominal val',. for the

compensator valve overlap rather than the value obtained originally. The
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effects of different valve overlap can be seen in the computer printouts

of the pump actuator or control pressure in Figures 165, 166 and 167. In

Figure 165 the measure actuator pressure vs time is overplotted on the

computer results at .012" valve overlap. At 7.5 milliseconds the pressures

show a rise to 1500 psi. Other spikes occur at 13 and 19 milliseconds

and show little sign of decay. With a .016" valve overlap in Figure 166

the spike at 7.5 milliseconds is about 100 psi less and the pressure

wave at 19 milliseconds is gone. The run at .020" overlap in Figure 167

show that the pressure at 7.5 milliseconds drops to 1300 psi. At this

larger valve overlap the measured pressure trace is out of phase with

the predicted results.
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A pump turn-off transient simulation was run with MIL-H-83282 at a

temperature of 130*F and a steady state flow of 77 CIS. The data in

Figures 162 and 164 were input with the configuration data in Figure 168

for the HYTRAN program. The results of the simulation are shown in

Figures 169, 170, 171, 172, 173, and 174. All the overplotted pressure

data has been changed to absoluite pressure to match the computer output.

Figures 169, 170 show that the first 40 m~illiseconds of the simulation

give good correlation with the actual data. At 50 milliseconds in Figure

169 the computed pressure drops to 250O psi compared to the measured 2800 psi.
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=.=.P-UP1TA(CAT.L4At V: L _F_ -M43U - INE.LTNE.:4' .1.'.Ea. : NI I S2 3a.:E-7N0RL_'
FIX-UP TAýE'4 AT LINE 15.VEt. 3F S3UNO IN LINE 6 Is &O.IVER IPRE IN C41OR

FI25X-U'TAKEN AT LINCA. 8VE L'OF, SO3UND..IPrLiN'.-. r.x- 7. 6PE CFNT7.-osAERoq_~: ............... -7

FIX-Ub TAKCEN AT LINE 19#VII. OF SOUND IN LINE 9 IS 159.RPMR CENT IN EAROR .- -.-- -.-

11 AT9NO LE'4114. INTERNAL - W&L . M3DULUS IF O:LA *HMAR 4rIM1STIC V5L 01TV OF

:2 z~z~A. *...:H! 4E55______ELASTICITY~. 14PE15AN.E I S JJiq _

Ž'..5300.......9J20 .. 0 .. 490 .300E+09 12.2530, . 5..1594 - 49705.51D1

~~~ .000. 31 .... 0bO. .. 300E+09.~ 13.30000 50.2544 --. 00944.4460 -

3 352.7530 .. .9*N4T4 . .0500------.30DE.08 '13.0?24 . .4OZ-. 00 5.31;3

~~ ~8,5013........ .,...N40 o .50........ a .3301438, 9.. . 5 003.._ 6.4616 . .42533.0)333

533.5000 . .4440 . .0280 .. , *30CF308 .13.1667 29.579? S016.Q951

....... S4.330--....40.2B........ .3031.38. 4.03300 25.. ,9;97 10430.0000

7~ 4.23 0 .. 323 0. .4 -70 k3040 .1253 6.155; 23615.0000

--. 4.00W0 ... 90.....;Z .... 04 9 90' 300E#38.... 4.03)0 . .15 20323.0333

9 192.0000 .9320 . .0490 .300f+36 10.1053 . .55 *9713.6&11

:326 INTS;EP..)%TI%1 .0 -. 1. -0. -0 -2 -3 _-0.- -0 -). -3 -o -0

COMP4PA 2 1'4TEGIR DATA 5........1 -3 -2 -0 -0 -0 -3 -0-.0 -0 -3 0 -3

...-- REAL DATA.:AR) 1 ___. 750 .- ~ .2)000.04. -. 1 500E#3;3 __.Z30OE640 ........ 10 -0 j.*6930E#30 .65300*30

REAL OAIA CARD .Z.03073E00 .45)00+03 .?OOOE00C02 .1300E+31A.4730E#33 .21500-03 .3903E-01 ZSOOE*02

_.-REAL 94TA-CARD ... 300I .. 7000E#3..?.30.1OE6QO,. .2300E-02_ -. *1000E32Z.__..3O00E-O1 .2.340E-31 .25006#03

REAL DATA CARD A 4 .500D3E#01 .4333E+34 .... 3603E-01 .. SOOOE-01 3.-------.O O -lL013 .8330[061

i. .:DNP4.2 4., E ' SEIER.DTL4. __11 __ 0. '23 ::-.-5 2. ..-0 - --7o -.. ;-a0 : -0 :-o 7.- .@. .

CONPA, 5 ENTEGEPR DATA 5 21 3 4 -7 -0 -3 -0 -0 -j-3 -o *o 4 -0 -0

'REAL MA& AR.A. 2. 652O-1.. 30)EI70' -. . -o.........-,.... .:.--z:.:-9-::..--s..:.

REAL IaTA :ARD 4 2 0. *ZOOOE-01 .2500E-31. .2OODE.033 -0. .- 1. -0.

-REAL DATA CARD A&~ 3.. '.616DEtCO.7 .6160E+00 ...... 3.........-.--.--- -0.. . -3.-

COMPA. 6 1ENTEGER DATA 6 41 1 5 -5 -0. -0 -0 -3 -3 .-3 -@ -0 -3 -0 -0 -

:1EAL W6t :AR0 & 1 *131 .65006+00-.......O. .--. 7-T..2.-3-...

COMPA. 7 1"E G:R OT AT& 7 11 3 S 7 -8 .- 3 -0 -0l 3 2 -3 .3 2 -0 -0

3MA INTEGOR. DAT&A.2 8_ý S ._ 41- ._ j, .~*.- - -! o~3. 3-.- .-- - o..- .

REAL )AT& CAln 4, 1 * 5403C.3) .6500E#00 -3. --.- 0. .. - -..- 0. -D. . -0.

Z..CORP6. -9 1NTEGER "DATA. .--' 61.7-.Q..-7z-.-_0..--3.0----. 0.S .0 -- S .-

REAL DATA CARD 4 1 .5003E.0? -0. . 0. - 0_........-3........ -3. -C..

FIGURE 168. TIYTRAN INPUT DATA FOR PUMP TURN-OFF TRANSIENT
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The predicted pressure does rise at 65 milliseconds like the data

but overshoot in the calculated pressure at 50 milliseconds prevented any

correlation. The relative phasing between the measured and computed data

completely falls apart after 120 milli3econds into the fimulation as seen

in Figure 169. The actuator pressure data F65-03-PC (F denotes that the

data was played back through a 100 Hz filter) in Figure 171 matches the

predicted results up to 65 milliseconds. The maximum computed pressure

at 40 milliseconds is 2500 psi compared to the actual 2250 psi. The

resulting simulation shows high pressure responses while the test data

dampens out quickly. The mechanism by which the pump compensator is

able to dampen is not thoroughly understood and thus it is not included

in the computer model.

The filtered pump outlet pressure (Figure 172) gives a clearer

picture of the results shown in Figure 169 for P1. The pump pressure

keeps dropping after 40 milliseconds instead of leveling off as shown

by the data.

The initial response of the predicted hanger position in Figure 173

adequately simulates this pump parameter. At 40 milliseconds the measured

data shows a leveling off then a rapid dip. The computed values exhibit a

similar behavior but not as pronounced. Again one notes that the hanger

dampens quickly to its zero flow position while the predicted results

oscillate at about 25 Hz with minor damping. The valve position

plot in Figure 174 shows the computed value at 40 milliseconds to be

below the actual data. The predicted valve position after that time

does not reverse as the measured results indicate.

A simulation of a pump turn-on transient was run at 130'F. The data

in Figures 175 and 176 were the input boundary conditions. The input

configuration data is shown in Figure 177. The output data for the

computer simulation is shown in Figures 178, 179, 180, 181, 182 and 183.

The results for the turn-on transient are similar to the turn-off

in that the simulation deviates from the measured data around 40 milliseconds.

The computed response of the pump after the initial transient is underdamped

when compared to the data. The resonant frequency is not as high a frequency

as for the computed turn-off transient. The actuator control pressure (Figure

180) has a 100 psi overshoot at 120 milliseconds which is smaller than the
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values in Figure 171. The hanger position (Figure 182) als-9 shows a quicker

damping than the turn-off transient (Figure 173). The computed hanger position

does show a little dip at 39 milliseconds like the data. However, the predicted

value never reaches the actual maximum at 50 milliseconds.
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* ****DATA RUN NO]. 65-C3*PS AND *PC F-15 PIJIPR*'(OFTPMI7

THE TRA4SIENT RESPONSF IS FROM T-0.0 TO T* POO0 SECONDS AT TIMlE INTERVALS. OF SILT. .00*20

-WITH OUTPUT POINTS PLOTTED AT INTERVALS OF , .00200 SECONDS$

FLLIO DATA FOR 81L-H-A32A2 AT . 3000.0 PSIGP 50.0 PSIG AND 130.0 DEC F IN 10.0 DEO F STEPS

* ... VISCnSITY - .200E-01 1l53E-0lIN#*2/SEC ---

DENSITY - .790E-04 *010.L-E*ZIN*

SULK MCOULUS - .223E+06 .18?F..O6PS1

VAPOUR PRESS.- *200F+01 AT 110.0 DEG F

* FIX-EUP TAKEN Al LINE 19#VEL OF SOUND IN LINE 4 IS 1.5.4PER CENT IN ERROR

FIX-UP TAKEN AT LINE 18,VEL OFE SVIIJND I4 LINC 6 IS 6O.IPER CENT IN ERROR

* FIX-UP TAKEN AT LINE 18.VEI. OF SOUND IN LINE 7 IS. 59.6rPER CENT IN ERPOR -. ;: .

FIR-UP TAKEN AT LINE 16#VEL OF SOUND IN LINE A is 59,RPFR CENT IN ERROR

il"N WA LENGTH INTERNAL WAL L MODrULOS OF DELX CHRCTERSI SROU Of
DIA THICKNESS *. ELASTICITY IMPEDANC S UN

13.0000 .90ý0 .0490 .300E.OM - 13.003C 6.1559 49785.6131

2 13.0000 .*.3190.... .... 020.... .... 300E#OE8 13.0000 $.. 0.2646 9 50844.4460

3 382.7500 AF140 .0580 .300E#O8 10.0724 . 6.4696 50255.3193

4 S. 5000 01140 .0580 .300F+08 5.5000 - . 6.4696 4z500.0000

5 30.5000 .4440 .GZR0 *3OCF+08 10.1667 25.5447 50162.9463

6 4.0000 . 4.4W.......CŽp0 .300F.408 . 4.0000 ..-.. 25.5S797 20000.0003

? 4.1?50 .0020 .0490 .300F+08 4.1250 6.1559 20625.00)0

8 4.0000 .. 9020 .0490 *300E*08 4.0000 6.1554 20000.0000

9 192.0000 .9020 .0490 .300E4OR 10.1053 8.1559 §9795.6131

Como$* 1 PINTEGEP DATA 1 91 0 -1 1 -0 -0 -0 -0 -0 -0 -0 -0 -0 -0 -0

Campos 2 INTEGER DATA 2 51 4 1 -3 -2 -0 -0 -0 -0 -0 -0 -0 -D -0 -0

REAL DATA CADD 1 .2870E+'04 . .2000E+04 .150orOo .2500E+00 0. .1&00E-01 .65001.,00 .65001+00
REAL DATA CARl) 0 ? .3073E+(00 .4010E0C~3 .7000E#02 .1300_2+03 .47001*03 .2150E#03 .35DOE-01 .25001.02

REAL DATA CARD A 3 .3000E+01 .7500E+00 -.3000E+00 .Z000E-02 .10001-02 .30001-02 .2000E-01 .25001.00

REAL DATA CARD N 4 .50001.01 .4000E+04 .36001-01 .50001-01 0. .35001-02 .10001#01 lOO001#01

CoRpos .3 INTEGER, DATA .3 91 0.2 1 -0 -0 -0 -0 -0 -0-. .- 0 -0 -0. -C -0

r CONFOS 4.:.INTEGER0DATA 4 ::.L.11 0 3 - 0 .-s-0 0 o-,o0,.-oz-0 -0 '_:O,- 0 -o -. 0 -0

Campos 9 INTEGER DATA 5 21 3 di -7 -0 -0 -0 -0 -0 -0 -0 -0 4 -0 -0

::RAL DATA CARD U .1.C 2200E.-01. : :6500f+00 -0:o. o -0. -0 1, C....-0. . -0.

RAL DATA CAR 2 0. .1010 2010 200O0EC -0. -O. -0 -0.

--REAL DATA EARO f 3.7..........0. 0 . .6160E+00 .6160E+00 -0.'~ _-O. -0. -0.

Campos 6 INTEGER DATA 6 41 1 5 -6 -0 -0 -0 -0 -0 -0 -0 -0 -0 -0 -C

REFAL DATA CARD I V .21001-01 fi9OOE#CC -0. :,-o . *-0. -0. . ; -0. -0.

Campos 7 INTEGFP DATA 7 11 0 6 7 -0 -0 -0 -0 -0 -0 -0 -0 -0 -0 -C
CORP$*. 6. INTEGER DATA a6 41......-. 1-ao -0 -07 -0 "-0 .0 0t) .0 0 .0 -0

REAL DATA CARD 6 5400E*00 .65001F400 -0. -0. -0. -0. -0. -0.

.CNP. 9 NT ERODATA 9 6 11.9 -0 -0 -0 -0 . .-C-C --C-0 -0 -O -

REAL DATA EARD 0 1 .4000E+02 -0. -0. .- 0. -0. -0. -00 0.

FIGURE 177. HYTRAN INPUT DATA FOR PUMP TITRN-ON TRANSIJENT

BEST AVAI LABLE COPY
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e. Conclusions - Extensive testing has been completed on the F-15 instrumented

pump. Test conditions were established to try and reproduce many of the

operating conditions the pump would encounter during its normal life.

Actual pump operating time was approximately 150 hrs during the test

period. Obviously much more data was recorded that could possibly be

verified with the pump model. The extensive nature of the contract does

not allow for a more thorough analysis of the pump model at this time.

A disapportionate number of manhours in relation to other component models

has already been spent on pump verification. This was because of the importance

of the pump in its relation to the remainder of the system. Further detailed

analysis will not take place under this current phase of the contract.

For the initial pump response, the PUMP51 subroutine adequately

predicts the measured data values. Since the initial transient is

usually the most severe, the results do reflect actual operating character-

istics. However, subsequent pump/system interaction is not accurately

computed. The calculations do reflect the PUMP51 subroutine stability.

If time where available for a more detailed study of the test data, the

pump subroutir.e could probably be improved.

The errors in the subroutine may be attributable to a number of

factors. Lack of cavitation effects caused by improper filling of the

pistons; the effect of hanger angle and pump RPM; the forces on the hanger

contributed by the pistons due to bulk modulus effects at different pressures

and temperatures; friction effects on tha actuator and valve; are some of

the factors not included in the pump model. Other sources of error

exist in the model itself. Not adequately defining the flow forces

on the valve, assuming linear leakage characteristics, the treatment

of hanger inertia could all introduce small errors into the simulation.

The data taken in the lab does contain much of the information needed

to produce a better pump model. However, it would be desireable to further

modify the F-15 instrumented pump by adding a case drain pressure transducer,

the lack of which has thwarted our verification effort-.. A few tests would

then need to be rerun.
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44. FILTER MIODEL VERIFICATION

In this section the test results obtained in the laboratory on a hydraulic

oil filter are compared to the HYTRAN computer program filter model (FILT81).

The oil filter used in the testing is shown in Figure 184. The filter speci-

fications are in Figure 185. All testing on the filter was performed on a

1/2 inch sy'stem with MIL-H-5606B hydraulic fluid. The filter subroutine

"(FILT81) is a model of an inline, non-bypass filter with a standard cleanable

element and no moving parts.

The filter test series was run on two different system coufiguratiuns.

Table 8 contains a listing of all the test runs.

To study the pressure effects of a filter in a hydraulic system, it was

!necessary to locate the filter close to the fast valve. This is an area of

high pressure transients when tne valve opens or closes. The system config-

"uration is shown in Figure 186. The long length of tubing in the system was

used to increase the reflection time of the pressure and flow transients.
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Table 8. TEST CONDITIONS FOR FILTER AC-900-61

T251EN n ~TWFow RATE TEWP-•.ELEMENIr rUW 0 FOW COMMXTON (Cie) DEGF

Filter at upstream poSition

Filter 50301-xe Turn-Oft 38.5 125
Without Element

""50301+xx Turn-On 38.5 125

"50A02-xx Tmrn-Off 11.55 125

"50B02+xz Turn-On 11.55 125

Filter With 51C01-xx Turn-Off 38.5 125
Element

"51C01+xx Turn-On 38.5 125

"51BO2-xx Turn-Off 11.55 125

"51B024xx Turn-On 11.55 125

Filter at Downstream Po8itior

Filter With- 50AOl-xx Turn-Off 38.5 125
Out Element

"50A01+xx Turn-On A8.5 125

"50A02-xz Turn-Off 11.55 125

"50A02+xz Turn-Ga 11.55 125

Filter with 51AO1-xx Turn-Off 38.5 125
Element

"51AO1+xx Turn-On 38.5 125

"51AO2-xx Turn-Off 11.55 125

"•lA02+xx Turn-On 11.55 125

The following parameters were recorded in the laboratory for the test

runs. PI. P P P and valve position. PI P2  P4 and Q4were

recorded on analog tape and played back later.

The filter was then placed near the upstream end of the system to observe

the flow effects since the flow amplitudes are greater near the accumulator.

The system configuration is shown in Figure 187. The following parameters

wete recorded for the test runs: PIt P2' Q2 9 P 31 Q3 ' P4 and valve position.

Pit P3 ' P 4 and Q3 were recorded directly on cassette tape.

a. Computer Simulation With Filter Test Data - A turn-on transient at

125*F and 11.55 CIS flow was simulated with the HYTRAN program. The input

data used is shown in Figurc 188. The system input data is in Figure 189.
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A... u. RUN 40 1,6114101 toak.1114 TRANSIENT? WIT.UT 10LLP(T *..(UZUPIAI

ToO T0A'%8ItT Brooa.Og is PRO. To$.* T0 Is .00 SECONDS AT TIME I|ltOVALS 0F DEoL .00020

WITH OUTPUT P00141 PLOTTE( AT INTERVAL$ OF . .00a0e SICOND$

FLUID DATA Flm '.IL 34.0.I00 AT 3866*0 F316 £40 it%.* Of& P

I 80.1100i e0000 .O800 .100.10 04.3:10 :.1011 090lO.0809

1 IO.00O0 .t000 .08"t .$oe[.40 00.0000 80.,911 A.010.0680

S1T.0000 .1441 .0800 .3009.00 16.1190 16.1910 OAitOSI.Sa
CII.Pe. 0 10T1S00 DATA 0 90 0 .3 , .0 .0 .0 .0 .0 . . . 0 pa

CCU-Pa. I l•1Vt10 DATA a 4l I 6 .4 -0 .0 .0 0f * -.0 -0 .0 .0 .0 .0

REAL Data (AI'D a 0 .19401.00 .IIIOO.0a1 .31000.00 .19101-Ot .39001.00 tts-e *9 01.0 1286t.401.0
C"*PA. S 340(6(0f DATA I at 1 1 *3 .0 -0 .0 .0 .4 .0 .s .0 0 .0 01

6`16L DATA CAO * , .2264C.01 .9#00.00 .0. .0. .4. .0. .9 ..

:1A1 PAT& Cast, a a 0. *aooorfom .11301.01 Inse0$0* **. .0. .0. .0.
ALDATA Cast 1 0. 0. sesegfee00 .16341#11 .. . o. .0. - 0.
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FIGURE 189. RUN 50B02 HYTRAN INPUT DATA FOR FILTER MODEL VERIFICATION

For this low flow condition, a restrictor was inserted 10" downstream of the

control valve. This was done to simulate the annular volumes in the control

valve which totaled about 4 cubic inches. At this low flow condition, the

valve passages require a short time to completely fill, on a turn-on transient.

This charging effect can be seen on the data taken in the lab. Therefore, it

was necessary for the computer simulation to completely define the volumes in

the control valve as an extra line length to obtain accurate results.

The filter was located in the maximum flow region of the system to study

the flow effects on the component (see Figure 187). An interesting result

of the test, however, shows what a good frequency filter the hydraulic filter

is. The data in Figure 190 was taken 11 inches upstream of the filter. High

frequency pressure signals between 500 and 1000 Hz are superimposed on the

pressure trace. Figure 191 is the pressure data 17 inches downstream of the

filter. The high frequency content of the P2 trace has been filtered out as

the pressure signal passed through the filter component.

The computer output data shows good correlation to the actual pressure

values in Figures 190, 191, and 192. In Figure 192, the data signal contains

a sharp downward spike on the first pressure dip. This is due to the filling

of annular passages in the control valve.
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FIGURE 192. 50BO2+P4 TURN-ON TRANSIENT

The flow plot of Figure 193 again illustrates the difference in the com-

puted and measured flowrates. The computed flow is an average flow value
across the entire velocity profile in the line. The measured flowrate of the

hot film anenometers is a localized segmented flow out of a small region of

the velocity profil~e. The data run in Figure 293 shows how the flow on turn-

on is less than the computed predicted results. As the velocity profile

developes in the line and the localized flow approaches the average flow, the

computed values show a better correlation to the data.

A turn-off transient at 125 0 F and 11.55 CIS flow was simulated with the

HYTRAN program using the measured data of Figure 194 and computer input data

in Figures 195. This run contained a hydraulic oil filter with a filter ele-

msent.

Figure 196 is an overplot of the computed pressure data 20 inches down-

stream of the filter with the pressure data measured 17 inches downstream of

the filter. Again, the program indicates reasonable correlation to the data

run. On the actual data plot note, the precursor downward pressure spike

prior to the first pressure peak due to the mechanical stress signal arriving

via the walls of the tube before the pressure signal.

Figures 197 and 198 are the flow plots for this simulation. The actual

steady sarae flow measured appears to be about 2 CIS lower than that predicted

by the program.
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Figure 199 is the input boundary pressure for the data of Figure 200.

The filter is located in the downstream location in Figure 186. Overplots of

the computer runs were made in Figures 201, 202, 203 and 204. For the recorded

data in Figure 203, note the dip prior to the first pressure peak. This

precursor is due to the arrival of the mechanical line vibration before the

pressure wave. The plots shown in Figures 201 and 202 are the pressure traces

up and downstream of the filter component. There is a slight time delay in

the pressure signal as it passes through the filter bowl. Also note some

amplitude damping for this turn-off transient on the upstream pressure trace

(Figure 201). Both pressure and flow (Figure 204) computer printouts show

good correlation to the measured data.
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FIGURE 199. AC-900-61D1 FILTER HOUSING (NO ELEMZNT) 50A01-Pl TURN-OFF TRANSIENT
38.5 CIS 125OF
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FIGURE 200. RUN 50A01 HYTRAN INPUT DATA FOR FILTER MODEL VERIFICATION
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FIGURE 204. 50AO1-Q2 TURN-OFF TRANSIENT

The next computer simulation used 51AO1-Pi data in Figure 205 taken in

the lab at 125°F and 38.5 CIS for a turn-off transient. Input with the P1

data was the input system configuration and test conditions shown in Figure

206.

The plots in Figure 207 and 208 are up and downstream pressures on either

side of the oil filter. All the overplots of pressure in Figures 207, 208

and 209 show good correlation with the computer predicted results. From the

pressure plots the actual plotting is off by a character making the simula-

tion appear to be in error in the predicted damping frequency.

The computed flow values in Figure 210 match well the anemometer test

measurements. The computer program predicted correctly the first flow reversal

magnitude and also some of the subsequent flow magnitudes.

b. Observations - The filter component was located near the fast closing

control valve in Figure 186 to study the filter's volumetric effects on the

system during turn-on and turn-off transients. An interesting result obtained

from the lab data showed the filter with an element, attenuated the pressure

wave less than a filter without an element for turn-off transients. This

can be graphically shown by overlaying Figures 201 and 207 (without element).
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These pressures were recorded 18" upstream of the filter. The third and fourth

pressure dips are at about 2500 and 2700 PSI respectively. While the corres-

ponding dips in Figure 205, a filter with an element, are about 2400 and 2600

PSI. The remaining pressure data taken at the P3 and P4 transducer positions

for both runs also indicate the same results.

In Figure 210, the first flow reversal has a magnitude of 27 CIS which is

4 CIS larger than the corresponding flow in Figure 204. Subsequent flow

reversals also indicate similar results. The flow data confirms what the

pressure data has shown. The flow rates in the filter with an element are

slightly higher than those in a filter without an element resulting in less

pressure attenuation.

At first glance, it would appear that the data is mislabeled, but the

low flow rate runs (51A02, 51A02) also indicate this phenomena, and the

HYTRAN computer program also predicts the same results.

The reasons why an empty filter housing would attenuate a pressure signal

more than a filter with an element in this system configuration is not clearly

understood. Perhaps the charging time constant of a filter with an element

changes significantly as the element is removed resulting in the attenuation

difference.

c. Using Filter Model With Head Exchanger Test Data - An attempt was

made to use the filter subroutine (FILT81) as the model for a heat exchanger

with the test data measured in the lab on a F-4 utility heat exchanger. Table

9 contains a summary of the tests that were performed, The system configura-

tion is shown in Figure 211.

TABLE 9

TEST CONDITIONS FOR F-4 UTILITY HEAT EXCHANGEk

Transient Flow Temeprature
Run No. Condition (GPM) (OF)

62-08-XX Turn-Off 3 125

62-08+XX Turn-On 3 125

62-10-XX Turn-Off 3 210

A run was made using the test conditions and the 62-08+P4 and 62-08+P5

data as the boundary conditions. The results of the turn-on simulation is shown

in Figure 212, 213, 214 and 215. The simulation indicates that the filter

model was insensitive to the return line transients. Figure 212 is the posi-

tion immediately downstream of the fast control valve shown in Figure 211.
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FIGURE 215. 62-08+P3 TURN-ON TRANSIENT

The sharp dip in return pressure to 50 psi at 43 milliseconds is not simu-

lated by the computer program. Also at 200 milliseconds the calculated pres-

sure is about 100 psi above the data. The computed data in Figure 215 matches

the P4 input data characteristics, but the pressure wave is sharply attenua-

ted by the volume of the model and does not pass through to the upstream side

as shown by the coputed output in Figure 214.

From the simulations made using the test data, the filter model is not

adequate in simulating a heat exchanger in a return line. Further work on

the model would be required for adequate verification.

d. Conclusions - The HYTRAN filter model calculations of flows and pres-

sures compare reasonably well with the test data measured in the lab. Because

of the small filter used, there was very little difference between the filter

with and without an element. The basic difference between the filter and the

line was that the filter supplied more attenuation to the pressure signal and

slowed down the wave speed slightly.

Return side test data showed that the filter model was not adequate for

use as a heat exchanger,.
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5. CHECK VALVE MODEL VERIFICATION

The test results obtained in the laboratory on a MCAIR miniature check

valve are compared to the HYTRAN computer program check valve model (CVAL31).

The check valve used in the testing is shown in Figure 216. The testing was

performed on a 1/2 inch system with MIL-H-5606B hydraulic fluid.

The subroutine CVAL31 models a simple undamped check valve. The check

valve is assumed to have a variable orifice characteristic between the fully

open and fully closed positions. Reverse flow can take place transiently

until the valve clbses.

The model used to calculate the steady state pressure drop assumes a

straight line flow pressure dop characteristic between the cracking pressure

and the fully open position. In the transient analysis, the flow through the

valve is calculated using the normal valve equations, with the valve orifice

area being proportional to the valve displacement. The check valve test series

was run on the system configuration shown in Figure 217.

The following parameters were recorded in the laboratory for the test

runs: PI. P20 Q21 P3' P4 and vaive position. PI' P2' P3 and P4 were re-

corded directly onto cassette tape.

The test conditions are shown in Table 10.
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CHECK CHECK
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- kAI. 1 . ... . ... . . . I...
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I: .,.,I.I . .... .. -,

iNlET 1...................0.32i
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N IINPOPP[ T STROS ... ......... 02.191,- I -i©/n
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FIGURE 216. MCAIR MINIA"TURE CHECK VALVE
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FIGURE 217. TRANSIENT TEST CONFIGURATION MCAIR MINIATURE CHECK VALVE 7M92-8

TABLE 10. TEST CONDITIONS FOR KCAIR MINIA'T1URE
CHECK VALVE 7M92-8

TEST RUN I FLOW CONDITION FLOW RATE TEMP
SPECIJKEN (CIS) (DEC F)

MCAIR Miniature
Check Valve 55-01-XX* Turn-Off 38.5 1257M92-8 55-O-+Xx 'turn-On 38.5 1U5

55-02-XX Turn-Off 11.55 125

55-02+XX Turn-On 11.55 125

55-05-XX Turn-Off 38.5 210

55-05+XX Turn-On 38.5 210

55.06-XX Turn-Off 38.5 210

55-06+XX Turn-On 38.5 210

* - XX denotes measured data parameters.
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a. Computer Verification of Check Valve Model with Test Data - The

first data run of the MCAIR miniature check valve to be compared to a computer

run was for a turn-off transient at 125*F and 38.5 CIS. The valve closing

time was determined from the P data and the acoustic velocity in the tube.
3

The data from Figure 218 was input into the computer program with the system

schematic information in Figure 219. The oscillations in the P1 pressure occur

when the check valve poppet is seated on a turn-off transient. The resultant

pressure wave generated by the valve closure oscillates in the 22-inch line

between the accumulator and the check valve.

Figure 220 is a plot of the P3 data over the computer predicted pres-

sure at the P 3 position 20 inches downstream of the check valve. The computer

results show good correlation on the first three pressure peaks in Figure 220.

From the fourth peak on, the computed pressures are not damped enough to con-

form to the actual plotted data run. Figure 221, 396 inches upstream from the

check valve, also indicates the same results. The average steady state pres-

sure in the computer simulation is about the same as the actual test results.

The first initial pressure rise corresponds to the closing of the check

valve with a small local flow existing in the downstream end of the 417 inch

line. As the pressure drops off the flow proceeds towards the check valve.
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FIGURE 218. 7M92-8 CHECK VALVE 55-01-PI TURN-OFF TRANSIENT
38.5 CIS 125*F
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Because the check valve poppet is closed, the pressure remains at a level

higher than the source pressure. The rectified effect results because pressure

and flow oscillations in the 22 inch line are nut able to completely override

the forces on the poppet which keep the valve closed.

The check valve model does not account for displacement flow due to poppet

motion, variations in orifice characteristics with poppet position, or second-

ary pressure drops due to other flow restrictions. Perhaps the most signi-

ficant effect not modeled in the CVAL31 subroutine is the flow forces on the

poppet. These were not included initially because they are not well defined

theoretically and really depend on the actual valve geometry.

The majority of the error in Figure 220 can thus be attributed to flow

force effects on the poppet. They are the most predominant forces present

in the check valve in this test configuration during the turn-off transient.

An attempt was made to simulate some of the axial flow forces in the

check valve by equating it with the net change of momentum as shown in the

following expression:

FA - 2 *Cd * P *W *W

where

Cd - discharge coefficient for valve shot width (.65 assumed)

AP - pressure drop across the poppet

W - peripheral width of the orifice

I - axial length of the orifice
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The area of the opening was approximated by the following algorithm:

wl = A - K Xp /(l + Xp)

where

A = orifice opening

K = constant determined from max poppet opening and check valve

inlet area

Xp = poppet position

The net axial force was

FA = 2* Cd * AP* K *Xp (1 + X )

The computer simulation using P1 input data was again run with the axial

flow force included in the check valve model. The P3 data is overplotted with

the computer run in Figures 222 and 223. The simulation snows better corre-

lation with the data but not a significant improvement.

The computer output flow plots are shown in Figures 224 and 225. The

data runs for these two plots are plotted over the computer runs. Figure

224 shows the flow oscillating in the 22 inch line between the accumulator

and cheýck valve. This corresponds to the P1 pressure trade in Figure 218.

Figure 225 is the flow 20 inches upstream of the check valve.

The HYTRAN computer simulation of a turn-on transient at 125"F and 38.5

CIS was run using the input data of Figure 226 and system data from Figure

227. The computer output graphs of pressure overplotted with the test data

are shown in Figures 228, 229, and 230.
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The initial steady state pressure of the test data in Figure 228 is

about 3020 psi while the initial. steady state pressure on the P3 data in

Figure 229 is 3260 psi. This apparen, discrepancy in steady state pressure

can be explained by noting the P2 and P3 pressure transducer locations and

the initial system condition. The P2 pressure transducer is located 11 inches

upstream of the check valve while P3 is 17 inches downstream of the same

valve and the control valve is closed. When the control valve was originally

closed, the pressure was elevated above source pressure in the line between

the check valve and the control valve. This high pressure still remains locked

between these valves, thus the pressure differential.

The HYTRAN steady state program initializes the pressures in the line

upstream of the check valve to the first PI data value and pressure downstream

of the check valve is set to the initial P3 data value.

The computer calculated flow plots are shown in Figures 231 and 232

plotted over the data runs. The data runs were played back from analog tape.

The timing of the valve closure is different on these runs due to the de-

creased sensitivity of the taped recording. Therefore, the data runs slightly

underlap the computer results in Figures 231 and 232.
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b. Verification of the Check Valve Model with Return Side Test Data
The MCAIR miniature check valve was tested in the return line configura-

tion shown in Figure 233. The list of test runs is in Table 11.

The computer output for a turn-off transient is shown in Figures 234,

235, and 236. In Figure 235, the predicted steady state values are about 20

psi toohigh. At 130 milliseconds the computed pressure drops to 20 psi.
The actual drop in pressure occurs at 140 milliseconds.
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TABLE 11

CHECK VALVE - RETURN TEST SERIES

Steady State Temperature
Run No. Transient Condition Flow (CIS) (*F)

55-07-XX Turn-Off 38.5 125

55-07+XX Turn-On 38.5 125

55-08-XX Turn-Off 11.55 125

55-08+XX Turn-On 11.55 125

55-09-XX Turn-Off 38.5 210

55-09+XX Turn-On 38.5 210

55-10-XX Turn-Off 11.55 210

55-10+XX Turn-On 11.55 210

$00.000 -----------------------------------------------------------------------------------------------------

ff9 COMPUJTIED P RIORI
DATA RIN Nft .S, ;-.)-.

400.0000

I I
506..0000

I IO0*.0000 -

010.000------------ - - - - - - - --

0O. 49 00O bOop, ,•. ,t~su,, €• I.,• V11,11.1 11~ .,, 1F .A cS. +J 1,,,, , !0 0l, .00 14,+, s ,ui,,4- L.I,, ,,•,Nia,

110.0000 .
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FIGURE 235. 55-07-PI TURN-OFF TRANSIENT
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FIGURE 236. 55-07-P4 TURN-OFF TRANSIENT

3. Conclusions - The HYTRAN check valve model compares favorably to the

test data measured in the lab. Discrepancies exist between the data and the

mathematically predicted results as already noted in this section. The major-

ity of the model error can be attributed to the absence of adequate flow force

effects on the poppet in the calculation. The actual forces are not well de-

fined theoretically and really depend upon the actual valve geometry.

Attempts to include axial flow forces in the calculations contributed some

improvement for the 125*F and 210*F, 11.55 and 38.5 CIS turn-off transient cal-

culations.

Since the CVAL31 subroutine was written for a general check valve it

appears that this model is completely adequate for what it was designed to

accomplish.
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6. RESTRICTOR MODEL VERIFICATION

In this section the test results obtained in the laboratory on a Lee Jet

and a Lee Visco Jet are compared to the HYTRAN computer program restrictor

model (REST41). The restrictors used in the testing are shown in Figure 237.

The Lee Jet contains a calibrated orifice and two matched filters. The orifice

was measured to be approximately 0.00945" in diameter. The Lee Jet was installed

in a 1/4" AN union for testing.

THIS IS THE VISCO JET PRINCIPLE
TANGENTIAL SLOTS AND SPIN CHAMBERS

o'4-
1 r

I h DEELRAION SPINL[ATO
LEE, VI'SC'n JET C(-03 1 WA)

VDLA 6810880D

LEE JET (.009 DIA)
JETA 1875850D

FIGURE 237 LEE JET AND LEE VISCO JET

The Lee Visco Jet consists basically of slotted discs mounted one upon

the other to form an extremely complex fluid passage. A reasonable degree of

viscosity compensation without the use of any moving parts results from this

arrangement. The .031" diameter miniature insert stacked disc type Visco Jet

has the same pressure drop rating as the .009" dia Lee Jet.
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The Lee and Visco Jets were compared to determine if there was any

appreciable attenuation effects due to the presence of the stacked discs

over the ordinary orifice. The testing was performed on a 1/2 inch system with

MIL-H-5606B hydraulic fluid.

The subroutine REST41 models a fixed, two way, orifice restrictor with

two connections. The coefficient of discharge is assumed the same for flow in

either direction. It is assumed that the restrictor does not have any ancillary

parts and that the oil volume is sufficiently small so integration is not

required.

The restrictor test series was run on the system configuration shown

in Figure 238. The system pressure line was teed into about 45" upstream of

the control valve. The test section consisted of a 15 1/2" length tube, two

19 1/4" instrumented sections containing the four pressure transducers, the

test specimen and a shut-off valve which was closed for the testing. The oLher

end of the valve was connected to the return line for bleeding of this short

bypass section.

DRILLED OUT
/ ANS1548 UNION (TYP)

di

/-CLOAD VALVE DRILLED OUT 10A4 IN.)

ANS244 TEE 2-4

S- I T/C NO.
P4 P3 I P2 P1

20-/ 15-1/2

1 19-1/4 5 19-/4),-,
SHUT-OFF ! TEST 1/4 IN. BACK TO BACK

VALVE / SPECIMEN

1/4 IN. BACK TO BACK TO PUMP PANEL

AN919-10C REDUCER
(2 PLACES)

FIGURE 238 TRANSIENT TEST CONFIGURATION FOR LEE JET AND VISCO JET
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The following parameters were recorded in the laboratory for the test

"runs: P1 . P2 9 P3 and P4 The anemometers were not used because they could

not accurately measure the low flow rates in this short section.

The test conditions are shown in Table 12.

TABLE 12 TEST CONDITIONS FOR LEE JET AND LEE VISCO JET

Tes t run II Flow Flow Rate Temp
Spec inien Cond I t I on (CIS) (DEC F)

Lee JeL (.009 dIla) 60-OI-XX* Turn-Ol f 38.5 125
JETA 18758501

60-01+XX Turn-On 38.5 125

60-05-XX Turn-Off 38.5 215

60-05+XX Turn-On 38.5 215

Lee Visco Jet (.031 59-01-XX Turn-Off 38.5 130
Dia) VDLA 6810880D

"59-01+XX Turn-On 38.5 125

"59-05-XX Turn-Off 38.5 215

59-05+XX Turn-On 38.5 220

* - XX denotes measured data parameters

a. Computer Simulation with Restrictor Test Data

A turn-off transient at 125*F and 38.5 CIS was simulated with the HYTRAN

computer program using the input data of Figure 239 and the system data shown

in Figure 240. The output pressure plots are shown in Figures 241 and

242.
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The computer results show excellent correlation to the laboratory

test data for both up and downstream of the Lee Jet restrictor in the dead

ended line. The oscillating pressure shown on the 239 input data curve

occurs in the line from the point where the system is teed off to the test

specimen. This resonance was simulated by the computer program as indicated

in Figure 241. The maximum pressure obtained in the line upstream of the Lee

Jet was 4000 psi. This was a 1300 psi jump from the steady state level.

Downstream of the Lee Jet the maximum pressure reached was about 3025 psi

as shown in Figure 242. This was only about a 320 psi rise above the initial

steady state pressure.

No flow measurements were made in this dead ended system because of the

extremely low flow rates involved. However, the computer program did compute

the flows in the line as shown in Figure 243. The flow is upstream of the

restrictor.

.5............................ .......................... ......

S* * * ~~~~ABSOLUTE VALIM OF aQ OPTE LW•
0 oo RUm NO. 60-01-Q2

, I0 0 * g~4 000m

........ ...... . ..... .. ... 0......... 0.... 0. ... 44...

*I1 * 4 4

Go~ ~ ~ a£oG ,V

am 0

041 0 S

1-. N Ii wrI. 'Q1A5

I? FIGURE 243 60-01-0.2 TURN-OFF TRANSIENT

A turn-off transient at 1300F and 38.5 CIS was simulated on the HYTRAN

computer program using the input data for the Lee Visco Jet in Figure 244.

The computer output pressure and flow plots are shown in Figures 245

and 246. The computer pressure plots show good correlation with the lab

data.
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There was also no appreciable attenuation effects through the Visco

Jet as was iniuially sucoected. This can be seen in Figure 246 which was

duwnstream of the Visco Jet. The Visco Jet appears to behave the same way

transiently as the simple Lee Jet with the orifice.

A turn-on tranrient at 125*F and 38.5 CIS was simulated with the computer

program using the data Input fr(an Figure 247 and the computer input informa-

tion given in Figure 246. The output pressures and flows are shown in Figures

249, 250 and 251. The pressure data indicates good c:rrelation with the

computei output plots. The maximum pressure reached upstream ef the

Visco Jet was about 3200 psi as shown in Figure 249.

b. Observations - To show the relative phase relationship between

the input and output pressures of a Lce Jet, P2 and P3 were plotted versus

time in Figure 252. The data run plotted was a turn-off transient at

125*F and 38.5 CIS. The plot shows that over a 1800 cycle of P2 the P3

pressure just rises, while during the next 1800 of P2, where P2 falls then

rises, the P3 pressure just falls.

Plot of P2 over P3 for a turn-on transient follow exactly the same

relationships as well as P2 and P3 plots for the Lee Visco jet.

C. Conclusions- The HYTRAN restrictor model (subroutine REST41)

calcuiati)ns of pressures compare reasonably well with the test data

measured in the lab. The results indicaie that the rcstrictor model

is relatively good.
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*g~0 .JL00 Io.a~0 *01911 64614,484%

CJ'.0.. I "'.id~ DATA 1 l - .0 0 .0 .0 0 .0 0 .6 .

"AI"* asi0LK000 1 t I I * . 0 0 *0 * * .0 . 0 .

FIGURF 2L8 RUN 59-01 HYTRAN INPUT DATA FOR LEE VISCO JET

BES AAILABLE COPY
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FIGURE 249 59-01+P2 TURN-ON TRANSIENT
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FIGURE 250 59-01+P3 TURN-ON TRANSIENT
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7. ONE-WAY RESTRICTOR MODEL VERIFICATION

This section test results obtained in the laboratory on an F-15 system

type restrictor (CONAIR PN 286-5590-105) are compared to the HYTRAN computer

program one-way restrictor subroutine CVAL33. The testing was performed on a

1/2 inch system with MIL-H-5606B hydraulic fluid.

The restrictor's configuration and dimensions are shown in Figure 253.

The CVAL33 subroutine models a simple undamped one-way restrictor. The

check valve portion of the restrictor is assumed to have a variable orifice

characteristic between the fully open and fully closed positions. Some reverse

flow can take place transiently through the orifice when the valve closes.

• • ¢••Free

Flow

Inlet I.D.{ Outlet I.D.

FIGURE 253 TYPE 33 ONE-WAY RESTRICTOR

The model used to calculate the steady state pressure drop assumes a

straight line flow pressure drop characteristic between the cracking pressure

and the fully open position. In the transient analysis the flow through the

valve is computed using a parallel orifice arrangement. The flow through the

valve area is proportional to the valve displacement and the flow through the

orifice is proportional to the orifice diameter and discharge coefficient.

The restrictor test series was run on the system configuration shown in

Figure 254.

The following parameters were recorded in the laboratory for the test

runs: PI' P2 , Q2, P3, P4 % Q3 and valve position. Pi. P3o P4 and Q3 were

recorded directly onto cassette tape.
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F4 PC

RESERVOIR CONTROL VALVE

LOAD VALVE F-15 JFS
ACCUMULATOR

P3 0 2 P1 . f

CONAIZ oN--y O sTzCTroY CHECK VALVE
P1 286-5590-105

TURBINE FLOWMETER

FROM PUMP

FIGURE 254 TRANSIENT TEST CONFIGURATION FOR ONE-WAY RESTRICTOR

a. Computer Simulation with One-Way Restrictor Test Data

The first data run of the CONAIR one-way restrictor to be compared to a

computer run was for a turn-off transient at 130*F and 38.5 CIS. The valve

closing time was determined from the P4 pressure data and the acoustic velocity

in the tube. The data from Figure 255 was input into the computer program

with the input data shown in Figure 256. The results are shown over plotted

with data in Figure 257, 258, 259 and 260.

The one-way restrictor is installed so that the flow is in the restricted

direction, thus in Figures 257 and 258 the pressure drop across the restrictor

is over 300 PSI.
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F2N28 0 1 ;9- 1

56-01-PI TURN-OFF TRANSIENT

38.5 CIS 130OF

THE TRANSIENT 6ISPONSI IS PFROO T0.0 TO T. .00 SECONDS AT TIl INTIEVALS OP OILT. . i0010

WITN OUIPUI POINTS PLOTTED AT 1NTIRVALS Of 1 .00*00 $&Cas0o

PLUS* OITA PFOR IL-M-i600 AT 5000.0 P1i6. - 50.0 PSI$ AND 10.0 #66 F log 10.0 all P STEPS-

VISCOSITY - .1$61-01 *14mS-011O**$E2IC

DENSITY - .61if-*Os .NEI-4{Lo-SEc$IiNwe0

SULK• OOULUS - .223E#0 .11S7E06PS1

VAPOUR PRESS.- .200$01 AT 130.0 016 P

jLU W" LIttA TSSNV DEIE•*,t, 9111.11 A ,EI ISTIC 7IIC IT" OP

1 ES.660t .4440 .0290 .3001-04 O0.6t*S 15.96a* 69460.3746S$l*ll •440 
4:O:EO , 

37E .!9 I@S4 4l~ l4.* 616.O*50 .0*40 .0*eo0 .5006.00 9.OO96 15.9610 49060. SaG

CltV4N# I U IIG1SATA 1 91 0 -1 1 -0 -0 -. -0 -0 -0 -0 -0 -4 -0 -,

CIV'6. a INTEGIEiATA a El 1 -i 1 1 -0 -4 0 -0 0 -0 - 0 -0 0 -6

RE6L 01A CARD 41 1 .99010.00 .78760.00 .90o""4- .*021+01 .14706#00 .9t,01#09 .1•5191E0 .6$04O900

CONP6. I INTEII WA a at I 1 - -0 "0 -0 -E -o -0 -0 -0 4 -0 -0
RiLl DATA CARD 6 1 *E.E00-01 .6tOOIO0 -0. -0. 0. -0. -0. 0.

ti1L DATA CAlR 4 * 0. .. 110-01 .3380e-"1 . 0001.00 -0. -0. -0. -0.
"MEAL DAYA CAlS 6 a .)3i01e00 .301.09#0 0. 0. -0. -0. -0. -0.

COO6P. 0 INTIGIRS ATA 0 61 1 a -0 -0 -0 -0 -0 -0 -0. -0 -0 -0 -0 -0

SEAL DiTA CAlS 6 1 .902e#8l S0. -0. -0. -0. -0. -0. -O.

FIGURE 256 RUN 56-01 HYTRAN INPUT DATA FOR A TURN-OFF TRANSIENT

BEST. AVAILABLE COPY
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FIGURE 257 56-01-P2 TURN-OFF TRANSIENT
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Figure 259 is a plot of the P4 data over the computer predicted

pressure at the P4 position 18 inches upstream of the control valve. The

computer results indicate good correlation with the test data. Figures

257 and 258 on either side of the restrictor also show favorable comparisons.

The computed maximum value for the first peak pressure is not plotted

in Figures 257 and 258. For this HYTRAN program output only one point

is plotted for every ten that are calculated. The test data indicate3 a max

value because all the sampled data points are plotted. For Figure 258

the computed max value was 3550 PSI. The measured value was 3660 PSI.

The restrictor model does not account for displacement flow due to

poppet motion, variations in orifice characteristics with poppet position, or

secondary pressure drops due to other flow restrictions. Axial flow forces

however are included in the one-way restrictor model. The net axial force

is computed as:

FA = 2*C d*AP*ARFAC (1)

where

Cd = discharge coefficient for valve slot width (.65 assumed)

AP = pressure drop across the poppet

ARFAC = area subjected to flow forces

The computer output flow plot is shown in Figure 260 with the data

run plotted over it.

The HYTRAN computer simulation of a turn-on transient at 125°F and

38.5 CIS was run using the input data of Figure 261 and system data

from Figure 262. The computer output graphs of pressure overplotted with

the test data are shown in Figures 263, 264 and 265.

The computer results correlate well with the test data for both up and

downstream of the one-way restrictor. The P2 test data is considerably noisier

than the other pressure data because it was played back from an analog tape

unit.

The computer calcilated flow plot is shown in Figure 266 plotted over

the data run. The test data for the initial flow peak does not reach

the predicted results. This discrepancy exists because the anemometer does

not measure the bulk or average flow in the tube but only local velocity.

c. Conclusions - The HYTRAN one-way restrictor model (subroutine CVAL33)

calculations of pressures and flows compare reasonably well with tihe test

data measured in the lab. A few discrepancies exist between the data and

mathematically predicted results as already noted. The results indicate

that the model is adequate for the conditions tested.
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FIGURE 261 CONAIR 5590-105 F-15 RESTRICTOR
56-01+P1 TURN-ON TRANSIENT
38.5 CIS 125 0F

*004 DATA RON NO. 56-01441 1EITEECTOR **#* (IPISIAD

THE 1RAIsIENT RESPONSE 13 FROM T0.0. TO T. POO SECONDS AT TIME INTERVALS OP 911.1- ."SteS

WITH OUTPUT POINTS PLDTTED AT INTERVALS OF * .002OD SECONDS

FLUID DATA FOR NIL-H-1606 AT 3000.0 PS15. - 0.0 PSIES AND 129.0 0ES P 1.4 10.0 Dbig STElps
VISCOSITY - .1981-01 *IsaE-OIIN'RliAC

:.,L: NODULUS - .ZA*S .IIA*S

VAPOUR EIS .0C-01 AT 119.019ES P

tim"f R~A! LENGTN INTERNAL ONINI LXT'! .LI jJMJ 1 ITCfIJITV OP

I 81.6810 .41440 .01410 .3001006 . 10.8129 - Z.1655 49TA61.8%04
416I.6850 .4440 0Z&0 .3OD1*Os 10.1616 96.1653 49761.3~99

I1?.0000 Aý4 .0180 1 .3005.00 IT.COOO 16.1618 49,1*.1504b
COMP4, I INTEGER DATA 1 NI 0 -1 1 -1) -0 -Q -0 -0 -D -0 @ - -0 -0
CDNPA, I INTE0SR DATA -1 35 1 * 1 - '- -0 -O 0 0 @ 0 04REAL DATA CARD A I .39501-0D .TITOI.DO .95060-04ý .20241*01 .147@E.00 .91 -06 ,I%899.00 .OESOUADS
CIRPA, 3 INTEGER DATA 1 2I 3 1 -1 -A -0 -0 -0 -0 -0 -0 -0 4 -0 -,

REAL DATA CARD A 1 .21061-OI .69001-00 -0. -0. -0. -0. 0 5
REAL DATA CARD $ 3 . .)TOOR-01 .150001-01 .10OORA@0 -0. -0. -0. 46.
REIAL DATA CARO A 1 0. 0. .131*01 00 .31101600 -0. -0.-.-.

COP. NINTEGIA DATA 4 Al 1 1 -0 -0 -0 -4) -0 -S .0 -S -S -0 ., -0
AEAL DATA CARD A .00..1 0 -0. 0.0. -3.-0 S

F I(&LRE 262 RUN ')0-01 iYTRAN I NP!T DATA FOR A TURN-ON 'IR:\NS I NTI

B[S¶ AVAILWABL.E coPY
B -~-- - .
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8. HOSE MODEL VERIFICATION

The test results obtained in the laboratory on a 1/4" and 5/8" flexible

hose are compared to the HYTRAN computer program hose model in the line subroutine.

The testing was performed on a 1/2 inch system with MIL-H-5606B hydraulic fluid.

The hose model is incorporated as part of the line sibroutine in the

HYTRAN program. The line subroutine uses the classical distributed parameter

wave equations to model the lines and hoses. The equations are solved using

the method of characteristics and finite difference techniques.

In the line subroutine, an effective bulk modulus is computed for the

hose combining both hose and fluid characteristics. The effective bulk modulus

is calculated from the foilowing equation:

S - I + 1 (1)
BULK BULK BULKo

e hose

The velocity of sound in the hose is then computed using BULK . The
e

BULK and velocity of sound calculation are the basic difterences betweenS• e
the line and hose models in the line subroutine.

The hose test series was run on the system configuration shovn in

Figure 267.

LOAD VALVE TEST SPECIMEN
::i:"•' (• ~F-4 PC RESERVOIR ,., 3INCONTROL VAL VE

t4 1 IN-4 2 P F-15 JFS

ACCULULATOR
S- - -426 IN. '

CHECK VALVE

TURBINE FLOWMETER

FROM PUMP

FIGURE 267 TRANSIENT TEST CONFfGURATION FOR 1/4 IN. AND 5/8 IN. FLEXIBLE HOSES
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The following parameters were recorded in the laboratory for the test

runs: P1 . P2 ' Q2, P3. P4, Q4 and valve position. PI, P3 P4 and Q were

recorded directly onto cassette tape.

The test conditions are shown in Table 13.

TABLE 13 TEST CONDITIONS FOR 1/4 IN. AND 5/8 IN. STEEL BRAIDED TEFLON HCSES

Test Run # Flow Condition Flow Rate Temp
Specimen ____iS) (Deg F)

1/4" Dia x 22" 57-01-XX* Turn-Off 38.5 130
LG, steel braided
Teflon hose 57-01+XX Turn-On 38.5 130
P/N 730900-4-
0240 57-02-XX Turn-Off 11.55 130

57-02+XX Turn-On 11.55 125

57-05-XX Turn-Off 38.5 210

57005+XX Turn-On 38.5 210

57-06-XX Turn-Off 11.55 210

57-06+XX Turn-On 11.55 210

5/8" dia x 58-01-XX Turn-Off 38.5 125
24" Lg
Steel Braided 58-0i+XX Turn-On 38.5 125
Teflon Hose
P/N 730900-10- 58-02-XX Turn-Off 11.55 125
0240

58--02+XX Turn-On 11.55 125

58-05-XX Turn-Off 38.5 210

58-05+XX Turn-On 38.5 210

58-06-XX Turn-Off 11.55 210

58-06+XX Turn-On 11.55 210

* - XX denotes measured data parameters
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a. Computer Simulation with Hose Test Data -A turn-off transient in a

1/2" system with a 1/14" dia x 19" long steel braided teflon hose was

simulated using the data of Figure 268 arnd the Input data in Figure 269.

The HYTRAN program conditions were sot at 38.5 CIS and 130'F. The computer

output pressures and flows are shown in Figures 270, 271. 272 and 2713.

The data in Figure 270 was recorded approximately 19" upstream

of the 1/4" hose. The computer results indicate good amiplitude carrelation

with the data. However the predicted frequency of the decaying pressure

waveform. is slightly less than the data frequency. In Figure 270 at

0.2 sec the computer results are in error by about 6 milliseconds. The

computer predicted data in Figure 271 immediately downstream of the

19" long hose and Figure 272, 17" downstream of the hose indicate the

samne results.

R 4.00 4-.L ~~ t  r - J.

223400<71.

EIM PN SECON

28217



4-0.~~ ~ ~ ~ DATA sun- NO- -0-t"4tl"NN -0f~"

TUN IRA Wltb? RCPISOkSI IS FROM To@.6 TO 1- .844 1100601 AT TIWL I'0?ILVL IF IlL? .0480

WITH OUTPUf POINTS PLOTTED At XI?06V*LS OF 0 .01100 steak"

FLVO3 DATA F'ls "IL.14-616 AT 1566.6 PS1G. 9 6.2 P11 60 ?I.6 0110Of5 I 1610.5 094 F STEPS

VIS3SIV *.1069-01 .1l6*t-s1Wt9sw 02C

SULK MOD15ULUS~ ~ o .167C0. SIPS

Vh'0436 PRIS$.. .tlOE-OX AT 436.600 DE

A .111 041R

2 19.0800 .1050 .1110 *?G.E+O0P b.3333 70.of?2 lby10.1316
i 36.12ta .~40-0 Eta .R0310L.06 It.0.6.17 2S1.942. 119%64.1 V41
4 17.3036 .4640 ~ .130 . .ICO4 17.00a060 19.95.25. 4044C.3?5.*
COMP,4. 1 PNM1E6OmATA 1 91 6 .1 1 -1 -0 -e .0- .0 .8 -0 t6 -0

Corp.. 2 INTEGER DATA I it 3 1 -4 -0 -0 -4 .1 -0 -0 -0 -n 64 -6 -0
REAL. DATA CARD 4 1 .12009-01 .696001.0 -3. -0. -0. -8. -9. -..

6iAL DATA CAIRO - 1 8. 28140E-01 .19609-01 ."404:#611, -0. -. -6-.
41AL. OT& CAIRO . 3 .31631E090 .3030C.00 0. 4. -1. -6-.-.

COW-., 3 INTEGER DATA' a 61 1 61 .8 .6 -4 -* .0 -. -g .0 .8 .1 -, -.

REALOA. CARO 040 1 .10001002 -0. -0. .0. -0. *6. -0. *S.

FIGURE 269 RUN 57-01 HYTRAN INPUT DATA FOR TURN-OFF TRANSIENT

I.~~DT PPP . NOYO.UUM

* PI To

p j

1 4p

PIP
pP

Fi TP "UR 2'/ 57-01-P2 OF RNOF T*N

FI'oUR 270 5-12TR-OF RNIN

BEST AVAIABLE COP
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FIGURE 273 5 7 -01-Q2 TURN-OFF TRANSIENT

The source of this discrepancy in frequency may be attributable

to the lack of apprcpriate turbulent damping characteristics in the iynamic

friction subroutine DFRICD. Since little is known about the effects of

dynamic friction under turbulent flow conditions, DFRICD uses the same

equations to calculate turbulent as well as laminar flow pressure drops

under dynamic conditions. A computer run was made to determine the effect

of leaving the turbulent pressure drop update out of the simulation. Figure

274 shows a minor increase in the amplitude of the decaying waveform

and a slight increase in the computer predicted frequency. Figures 275

and 276 indicate the same results. A better update for dynamic losses under

turbulent conditions would improve the hose simulation.

Another source of the frequency error in Figure 268 could come from

the characteristic solutions of different line sizes in a long length of

tubing. Unfortunately test data is not available to conform or dispute

this.

A turn-on transient was simulated with the HYTRAN program using the

vest data from Figure 277 and the input data of Figure 278. The output

pressures and flows are shown in Figures 279, 280 and 281.
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221



- ATARUWNO.rQ~*
- - .-l,4V YTAMW.4.Y %WJA~. PA""

... -. ...-

p p pp
314..4 p p9~E p.FRiiI.iS !IN MJ.

MO. V-G- 1/ IMM A~wo

FIGUE 27 57-1-P4 TUR-OFFTRANIEN

3~p0
-~p

328 0 0

--ii --- -T
S T 4~ L~ L~4ihPY 4V,,: FT

R 28-00 4L

U 24 000+4L {t-j 41  -1

120004-

57-OL+7- TUNO T TANSINT

385 I003 0

222 4



D ATA* RAUN A NO . $?-1 t oP % 1d/ I N H N• Rl * ,* 4 Ip t h] 'S

TMH TRAKNSIME RCSPONIT is FROM T.4.0 TO To .110 SICONOS AT 11" INTERVALS OF 0ILTO .4i910

WITH OUTPUT POINTS P01190 AT INTERVALS OF 1 .05115 MCoves

FLUID ODATA F0 NIL-M-.ITI AT J$0104 PSGt - vt.8 PSIG ANo 13.,4 agl F 1* 1i.0 Ott F ITCPg
viscosity - . 16of-0T ,I'Sl-OIJNUSEC

DENSTY1~ . .013E-11. .00KO.(S.C'ZM*
BULK NOOULUS * .l23*Ob .aAE.06PSI

VAP0OU PIltS.-- .ZrCE-31 A" .130.0 DEG 0

JI. DA ITA0. LNT

42$.125" .NN. 1 28,a J300I0a 9.99,4. 25.9.lEO 49446. Sa1.6
*19.3000 .1930 .1OC 7?63E.05 6.3333 P?.3710 26?7 71aO1
3 11.1250 .1 4 .02*0 .. .301E+06 12.N0? 1. 25.16fgN NN94.". NS
N 17,I004 .*.440 . ;Zoo .303E-06 17.0000 25.A6N4 4N9'O.,374I

COmp, I INTEIER DATA 1 91 1 -t -0 I " -0 -0 -, - O -0 -6 -N0 -0
O•P6, 2 XNT£tER DATA Z 21 3 3 -4 -0 .0 "0 -0 -o -0 -0 -0 4 -0 -6

RFAL DOTA CARO . *1zuc-Oa .AlaOO944 -.0 -a. -0. #. -1. -S.
REAL DATA CA-.! . 2 5. .315,0-0L .32GO1-01 .ZOOEODIO -0. -0. -0. -I.
REAL DATA CTAO * 3 0. 0. ,33r0.1*0a .33?02V00 -0. -0. -a. -0.
COMW. 3 INTEI•ER D0TA 3 11 1 4 -N -.0 * -0 -0 -. -0 -A -S4 -0 -+ -

5ýL OAlA CARD * 1 .9l 0OIll -0. -I. -0. -0. -0. -0. -I.

FIGURE 278 RUN 57-01 I;YTRAN INPUT DATA FOR A TURN-ON TRANSIENT
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FIGURE 279 57-01+P2 TURN-ON TRANSIENT
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bJ.*0 . -- - - - - - - --.. . . - ----------- ....•. .......

000 COMPUTED FLOW

- -.... .. ABSOLUTE VALUE OF a
- DATA RUN NO. 5 •-71#,Q*

....... ....... ........

0............ ....... 0............ ..- . ... . .6.... ...... ........

(L8.C U IN 1 SEC6 10 1" 13SECl $,FO A OISTANC IF t. DON
1 C-Is ALONG LINE WIt i

"*... DA LUN wb. 1/N INCH lOSE OVA AWF7..... ........

FIGURE 281 57-01+Q4 TURN-ON TRANSIENT
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Figure 279 shows a small frequency error between the computed frequency

and test results. The first predicted pressure peak at .06 seconds is

about 100 psi below the actual value. Likewise for Figure 280 the computed

reflected pressure wave amplitude for the turn-on transient is less

than the test data. Under predicting the amplitude of the reflected

pressure wave also occurred for the 1/2" x 30' line simulation. This may

be due to poor dynamic pressure loss predictions for the turbulent flow

region in the HYTRAN program.

A 5/8" steel braided Teflon hose was next used in the computer

simulation at 38.5 CIS flow and 125'F with the input data of Figure 282

and Figure 283. The results are shown in Figures 284, 285, 286, 287 and 288.

In Figure 284 the computer predicted output has a slightly higher

frequency than the test results.

This discrepancy between the predicted and actual damping frequency

can be due in part to the lack of an adequate turbulent pressure loss tern

in the DFRICD subroutine.
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*** DATA RUN NO. 5S-61-Pa 91g INCH NOSE -44OFXISM7ZO

THE TRANSIENT RtSPON5E IS FRON T0.4 TO To .00 SECONDS AT TIME INTERVALS OF DELT6 .60042

-'- - -I TH OUTPUT POINTS PLOTTED AT INTERVALS OF 0 .6100 SECONmS

FLUID OATA FOR WIL-N-5606 AT ,000.0 PSIG. - 50.0 PSIG ANO 105.0 D0S F IN 11.0 DEG F STEPS

VISCOSITF - .19SE-01 .1saE-O1?N"ZIS/c

SOIOSOTO .01.1-04 .805£-0laLO-SEC*.2)/ON..4

BULK MOCILUS - .226E-06 .19LE*06PS1
VAPOUR PRESS.- .20ýC.01 AT 125.0 DEC F

L1,M DATA
L N~ 0. LENGTH INTERNAL ."OJULYS00F OELI NAlACT6~lIT0C ILOSTY Or

I liX S TrH oS HL AELM UN
1 429.0000 .4440 .(200 .30DE-00 9.9864 26.I(S3 49761.3514

2 19.8000 .5403 *0030 .261E*06 9.9000 13.7112 30571.3323
3 37.5000 .4%.43 .0260 *3CCE*38 0 .3000 16.1(53 41761.3614
4 17.0000 .4440 ,0200 .300E-08 17.3000 E6.1653 49761.3514

CO9*A, I INTEGE6 DATA 1 lo a -1 1 -0 -0 -8 -0 -0 -0 -0 -0 -6 -5 -0

COaPm- 2 INTEGER DATA 2 21 3 3 -4 -0 -0 -0 -0 -0 -0 .0 .0 4 -3 .0

REAL. DATA CARD * 1 .0280F-01 .6S9oE.00 -0. -0. -0. -6. -6. -0.

RiAL DATA CAR0 z 0. .3020E-01 .01201-01 .200014CC -0. -0ý -0. -1.
A.:AL DATA CAR0 * 3 .3370[0.0 .33070C.7 0. 0. -0. -0. -0. .4.

CO•P+. 3 INTEGER DATA 3 60. 1 4 -0 -0 -0 -0 -0 -0 -0 -0 -0 -0 -6 -1

RZAL DATA CARD * 1 .50401+02 -0. -0. -0. -0. -0. 0. *6.

FIGURE 283 RUN 58-01 HYTRAN INPUT DATA FOR A TURN-OFF TRANSIENT

418.00---------- --------- ... ..... -- ......... - .--....... ....... .--- ---
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FIGURE 284 58-01-P2 TURN-OFF TRANSIENT
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FIGURE 28? 58-01-Q2 TURN-OFF TRANSIENT
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A turn-on transient with a 5/8" hose was simulated to observe whether

it would indicate the same under prediction on the calculation of the

reflected pressure wave as in run #57-01 with the 1/4" hose. After

inputting the data of Figure 289 and Figure 290 into the HYTRAN program,

the results were as expected. Figures 291, 292 and 293 all show that

between .06 and .08 seconds the computed pressure values are less than

the test data. The pressure plots also show that the frequency of the

predicted values is actually faster than the measured results. This

follows the same pattern as the turn-off transient for the 5/8" hose.

The anemometer flow data is shown plotted over the computer results

in Figure 294.
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R 3200 *--I ,-i
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FIGURE 289 5/8 IN. STEEL, BRAIDED HOSE
58-01+111 rURN-ON TRANSIENTr
38.5 CIS 125 0 F
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"a'DATE. RUN No,. so0.@4PI 104 INCH Poll.*IFINS

THE TRANJSIENT RESPONSE 13 FROMo 720.0 To, Ta .200 SECONDS AT TIME INTERVALS OF DELTO .000*0
WITH OUTPUT POINTS P60TLOTD AT INTLNVAI.S OF , 1 00800 SECOND#

FLUID DATA FOR KIL-M.SWO* AT 3000.0 P81G. - 50.0 PSIG AmD 001.0 BEG F IN It's Go F STEPS
VIScosITO . *108E.0I ISIE-0114--?139C

DLNSIIY . *I.O *RL.019.4 .8 C-QLS..YtC..~lJN..0

SULK MODULUS - Z201E*0N .I9I(4OFRZl

VAPOUR PRESS.- .2001401 AT IRS.0 DEG F

HNI911 LENGTH ;NITERI.AL l HOD .UIIoF DEI IT (DjSTI .1
11  

OF
00

t ai9.5000 .444c *0280 *OU0L.AR 9,9605 26.1AS3 49761.1s$4

".0 370000,AU *030 so30E.0& 0.50000 26.1651 04761,1594

417.0000 QAAuQ .0260 .300t.06 17.0000 26.16S3 697&1,)s4R
COaFS, I bINLGER DATA 1 91 0 *1 1 -0 -0 .0 .0 .0 .0 .0 .0 .0 .0 .8

CUmPo. 2 INTEGER DATA 2 A1l 3 *R -0 -0 .0 . .0 , .0 .0 .0 4 .0 .0
RLAI. DATA CARD a8 .220CE.01 .6500E.00 .0. .0. .0. .0. .0. .4.

RtAL DA7A CARD a 2 0. *3620E-01 .3720C101 *ADooCsoo .0. Q.o .01 .4.

RLAt. DATA CARD f 3 0. 0. *3370E+00 .33T70.00 0.0 .0. .0. .0.
CU-ps. 3 1KTTGES DATA 3 61 1 4 .0 .0 .0 .,p .0 -* *0 *0 .0 .0 -. .0

REAL. DATA CASD 0 1 *50000M03 .0. .0. .0, .0. .0. .0. .0.

FIGURE 290 58-01 HYTRAN INPUT DATA FOR A TURN-ON TRANSiENT
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FIGURE 291 58-01+P2 TURN-ON TRANSIENT
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FIGURE 294 58--Ol+Q2 TURN-ON TrANSIENT

b. Conclusions - The hose model calculations of flows and pressures did

not compare well with the test data. Fo- the 1/4" hose the computer resultts

predicted a lower frequency than was actually measured. However, the

amplitudes on the computed pressures match well with the test results.

ThE: 5/8" hose computer results showed a higher frequency than the test

data. The amplitude correlation with the computed pressures was good.

In turn-on transients fox' both hoses the HYTRAN program consistently

under predicted the maximum pressure amplitude of the test data.

9. TIoJ STAGE RELIEF VALVE MODEL VERIFICATION

The test results obtained on a two stage high response relief valve

are compared to the HYTRAN computer program valve model - subroutine CVAL34.

The test on the relief valve was performed on a one inch system with MIL-H-83282.

Subroutine CVAI34 models a two stage relief valve of the type shown in

Figure 295, This is a high response device used to limit pressure surges

and prevent systen overpreasures, due to pump failure.

The relief valve is assumed to have a variable orifice characteristic

between the fully open auid fully closed positlons. The effects of flow

forces on the poppet aro not included since these are not very well defined

theoretically and depend on the actual valve geometry.

In the steady state section the relief valve is assumed to be closed with

no pilot flow. In the transient analysis the flo•w through the valve is computed

with the normal valve equations. The poppet position is predicted from

the previous time step and is used to compute the valve orifice area.

' 3 2
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POPPET SEAT PIN SEAT
CONNECTION NO. 1 f CONNECTION NO. 2•• ; . •PIN SPRING

01 00

•,2 "•FREE

. -. -, " F LOW
POPPET "

RELIEF PORT

FIGURE 29` TYPE NO. 34 TWO STAGE RELIEF VALVE

The two stage relief valve test series was run on the system configuration

shown in Figure 296.

The following parameters were recorded for the test runs: P1, P2, P3,

P4, P5, Q5, P6, P7 and XV - the valve position.

The test runs are listed in Table 14. Typically a baseline run was

made without the relief valve in the system, then a run was made with the

relief valve. Only turn-off transients were investigated.

TABLE 14

TWO STAGE RELIEF VALVE TEST RUNS

Run Number Test Condition Steady State Temperature (OF)
Flow (CIS)

72-05-XX Turn-off 100 132

72-06-XX " 150 131

72-07-XX 100 207

72-08-XX 150 211

72-09-XX 100 131

72-10-XX ' 150 132

72-11-XX " 100 210

72-12-XX 150 212

XX-Denotes run parameter
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IIN.III . B 8 4. a UWNO

500GPMLODVALVE TURBINE F.M.

CF-16 UTILITY MANIFOLD RELIEF VALVE
L E3 P/ N3-10401

NYOI - 346,75

ACVALAT~~ [jFM. .IF HEATEXCHANGERq

TURBINE 3-
TEMPERA' URE

%AND I"1 * 7.jCONTROLLER

RELIEF VALVE

68 PSI G
RELIEF VALVE

11ITE
F4 MANIFOLD

FIGURE 296 TWO STAGE RELIEF VALVE TEST BENCH SCHEMATIC

The first four test runs on the valve (72-O1-XX thru 72-04-XX) were made

without the accumulator shown in Figure 296 in the system, The upstream

boundary condition at the Pl. transducer was found to be too noisy for use in

the computer program-. The insertion of the accumulator dOWnIStream of the pump

did provide a better boundary condition.

a. Computer Simulation Without the Test Data - Test results indicated

that the control valve used to generate the transients was bouncing

on closure. An attempt was made to simulate the exact valve characteristics.

But the strain gage device on the spring used to close the valve was not

capable of determining an actual poppet position. Therefore adequate simula-

tion of the two stage relief valve was not possible.

2ý34



A computer simulation was made without the test data. The boundary

conditions chosen were similar to the actual test data. This baseline

run was made without the two-stage relief valve in place. Figure 297 is the

printout of the pressure zero inches along line number two. (See Figure

296). The initial peak pressure reaches 375 psi and does not dampen

appreciably in the simulation. The flow at this same point is in Figure

298. The pressure 20 inches along line number three in Figure 299 also

reaches 3750 psi.

5000.UOO ---------- --------------------------------------------------------

I p

4000.1000 PpFppppp ,! PPPPP P

I p
P p p p p p

P p P

! p pp .

10C00 p p PP PPP
! PP Pp •p

P p pp pPp
P P PPPP ppp

| PPPP p
ZO00.O000 p

1000.0000 I

0.000 .040 .000 -- 00

CP&p P K "I 1)A I , I ýF R A DISTANCE Of O 0.00 o &LN LINE .140
*o TWO-STACE PtLIEF VgLVE - ASEINF ! * . 0.00 INC•($ .L0N$ LINE NUAP 0

FIGURE 297 PRESSURE 0,0 INCHES ALONG LINE 2

235



130.0.0-.0,

so.0000 I

10.00000a

00.001

Si i

0 I

-30.0000 - - - 0 - - - -
S0 000 u 0 40 I F00 I E 00 9 04-"I 0000 *99 000 990 009 *9* 000 *90 009 99990 0000 '9901

50 00I --------------- - ---- --- ---- -- . .* --- . ---- O00 -. .--- -000--

*0e00 0 00p

"0 O I0G Q

9999 T90-STA&G ftELIVF VALVE - 0 01$ TANCEe 0.00 INCHES 01 0 NENIME

FIGURE 298 FLOW 0,0 INCHES ALONG LINE 2

, I

Ip ppp p
490l,.0000 I Pppp pp pp

p p

t PP PPPPPPPPPP

p p p pppp pP
I p p pp.

ip ppPP p

p p p pp p P P

Sp ppp Pppp p

1000.0000 i

I p

0.60000 ------------------------------------------------------------------------ ------------------------ -
0 P9P1 CU~iIRS&E VS. TIME ASE00 OlOVANCE OT 210.00 INCHES AC6462 LINE NU-6fl .0
,,,a $90-TV A .LIFp VALVE - GASILINE 0990

F IGURE 299 P~RESSUJRE, 20,0 INCHES ALONG LINE '3

236



Next a computer run was made at 100 CIS with the two-stage relief

valve in the system. In Figure 300 zero inches along line 3 the peak

pressure reaches the relief valves cracking pressure of 3750 psi at

22 msec into the simulation. The relief valve opens and the pressure

drops to 3200 psi in less than 2 msec. The flow in line 3 quickly increases

as the two stage relief valve opens and then gradually closes until tully

closed at 130 msec as shown in Figure 301. Figures 302 and 303 are plots of

the poppet position and internal cavity pressure for the valve. The cavity

pressure is typically system pressure until the valve relieves then it falls

to system return pressure. The pressures and flows immediately downstream

of the relief valve are shown in Figures 304 and 305.
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b. Observations - The effects of the valve in the system can readily be

seen by comparing a valve run with its baseline counterpart, The main

effects are observed at the 150 CIS flow rate. Figure 297 shows that

pressure in the dead ended line reaches about 4000 psi a short time after

the fast control valve is closed. With the two stage high response relief

valve in the system Figure 300 shows an initial pressure spike only

reaching the valve relief pressure of 3750 psi. Comparable results can be

observed for the remainder of the test runs.

C. Conclusions - The malfunctioning control valve did not prcovide the

necessary s•harp turn-off transients in the test system, ard prevented

the computer program verification of the :we stage relief valve model.

The computer runs made without the test data indicate that thle relief

valve model reasonably simulated the actual valve's operating characteristics.
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10. HYTRAN PROGRAM VERIFICATION FOR PRESSURE EFFECTS

In this section the pressure effects on test results are compared

to the HYTRAN computer program simulation runs. The testing was performed

on a 1/2 inch system with MIL-H-83282 hydraulic fluid. The pump operating

speed was 4000 RPM.

The pressure effects test series was run on the system configuration

shown in Figure 306. The following parameters were recorded for

the test runs: PI' P29 Qo,, P3 4' P 5 Q 5 5 P 6 9 P7 and control valve

position XV.

The data recorded in this test series is designated 71.

Table 15 contains an itemized list of the pressure effects tests.

Test conditions were established to study the changes to the system response

at pump operating pressures ranging from 1509 to 3750 psig. The pump outlet

pressure was varied by adjusting the preload pressure of the compensator

spring. The effects of different flow rates and temperatures at these

outlet pressures were also monitored.

a. Test Results and Computer Program Verification - The first

simulation was made at a pump outlet pressure of 3000 psig. The pump

provided a steady state flow of 100 CIS before the control valve

was turned off. The data in Figures 307 and 308 were input with the

system configuration data in Figure 309 at a temperature of 134°F.

The results of the simulation are shown in Figures 310, 311, 312 and 313.

Tb- P6 transducer was located about 2 inches from the entrance of the F-4

reservoir. Figure 314 shows that the pressure transducer oscillated

at a high frequency during the transient. A cavity exists between the

pressure transducer diaphram and the tube outer wall. The transducer

location at a peak pressure or mechanical standing wave location coupled

with the small volume could account for this resonant condition as shown

in Figure 314.

The computer results show excellent correlation with the measured

data at this pressure condition. In Figure 310 the program accurately

predicts the measured peak pressure at 28 milliseconds. Theze is about a

4% difference in phasing between the predicted results and the lab data

at 0.2 seconds. This slight error may be attributable to many factors,
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relating to the data and the HYTRAN program. The data errors may result

from an inaccurate temperature reading or valve closing time. The main

source of program errors come from the dynamic friction algorithm and the

lack of adequate bulk modulus data for the hydraulic fluid. Desp'te all

of these factors, the predicted pressure valves and the signal phasing

are within 5% of the measured data.

TABLE 15 PRESSURE EFFECTS TESTING

RUN NUMBER STEADY STATE STEADY STATE RESERVOIR TEMP TRANSIENT
FLOW PRESSURE PRESSURE

_ c!S) ,, (PSIG) (PSIG) (F)

71O01-XX* i00 3000 55 134 Turn-Off
71-01+XX 100 3000 54.5 130 Turn-On
71-02-XX 10 3000 55 130 Turn-Off
71-02+XX 10 3000 54.5 128 Turn-On
71-03-XX 100 3000 55 207 Turn-Off
71-03+XX 100 3000 54 208 Turn-On
71-04-XX 10 3000 55 208 Turn-Off
71-04+XX 10 3000 56 206 Turn-On
71-05-XX 100 2500 55 134 Turn-Off
71-051XX 100 2500 55 130 Turn-On
71-06-XX 10 2500 55 130 Turn-Off
71-06+XX 10 2500 55 130 Turn-On
71-07-XX 100 2500 55.5 211 Turn-Off
71-07+XX 100 2500 55 205 Turn-On
71-08-XX 11) 2500 55 210 Turn-Off
71-08+XX 10 2500 56 207 Turn-On
71-09-XX 38.5 3000 55.5 208 Turn-Off
71-09+XX 38.5 3000 53.5 211 Turn-On

71-10-XX 38.5 3000 55 131 Turn-Off
71-10+XX 38.5 3000 54.5 129 Turn-On
71-11-XX 97.5 2000 56 135 Turn-Off
71-11+Xa 97.5 2000 53.5 132 Turn-On
71-12-XX 10 2000 55.5 132 Turn-Off
71-12+XX 10 2000 55 130 Turn-On
71-13-XX( 100 2000 54 208 Turn-Off
71-13+XX 100 2000 53 207 Turn-On
71-14-xx 10 2000 55.5 210 Turn-Off
71-14+xx 10 2000 54.5 208 Turn-On
71-15-XX 85 1500 54.5 133 Turn-Off
71-15+1X 85 1500 54.5 131 Turn-On
71-16-XX 10 1500 55 134 Turn-Off
71-16+)X 1to 1500 54.5 131 Turn-On
71-17-XX 85 1500 55 215 Turn-Off
71-17+XX 85 1500 54.5 209 Turn-On
71-18-XX 10 1500 55.5 209 Turn-Off
71-18+Xx 10 1500 56 209 Turn-On
71-19-XX 100 3500 56 134 Turn-Off
71-19+XX 100 3500 55 134 Turn-On
71-20-XX 10 3500 55.5 133 Turn-Off
71-20+XX 10 3500 54.5 130 Turn-On
71-21-XX 100 3500 55 210 Turn-Off
71-21+XX 100 3500 56 209 Turn-On
71-22-XX 10 3500 56 209 Turn-Off
71-22+.X 10 3500 54.5 208 Turn-On
71-23-XX 100 ,750 54.5 134 Turn-Off
71-23+XX 100 3750 54.5 130 Turn-On
71-24-XX ]0 3750 54.5 130 Turn-Off
71-24+XX i0 3750 54.5 130 Turn-On
71-25-XX 100 3750 55 211 Turn-Off
71-25+XX 100 3750 54 208 Turn-On
71-26-XX 10 37D0 55.5 208 Turn-Off
71-26+XX 10 37;0 55 207 Turr.-On
71-27-XX 57 0 65 135 Turn-Off
71-27+XX 57 iOOO 6G 130 Turn-On

* - XX denotes measured data parameters
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A turn-on transient was also made with the input data in Figures 315,

316 and 317. The steady state flow was 100 CIS and the temperature 130°F.

The computer output in Figure 318, 319, 320 and 321 show good correlation

with the test data. In Figure 320 the predicted pressure dip at 20

millisecond closely follows the data. However the computed pressures from

about 30 to 80 milliseconds fall 150 to 200 psi below the actual values.

This is typical of all the HYTRAN simulations of turn-on transients. It

Indicates that the damping terms provided by the dynamic friction function

are perhaps too conservative.

The test data in Figures 322 and 323 were input with the data in

yig-.re 324 for a turn-off transient simulation at a system pressure

of 1500 psig, a temperature of 133°F and a 85 CIS steady state flow rate.

Thm. results !ii Figures 325, 326, 327 and 328 show gold correlation with

tL' leWmýsured data.
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z A4%.0000 .4440 .0280 .3000,08 10.1667 25.5947 50162.4461
C4 1INTiCED DATA 1 91 0 -1 1 -0 -0 -0 -0 -0 -0 -0 -O -0 -0 -0

c"p, 2 INTfCPv DATA z 23 0 1 -2 -0 -0 -0 -0 -0 -0 -0 -0 4 -0 -0
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The turn-on transient vun with the input data in Figures 329,

330 and 331 also shows that even at this lower system pressure the HYTRAN

program is still able to accurately predict the system transients. The

results are shown in Figures 332, 333, 334 and 335. In Figure 333 the

measured flow does not rise as quickly as the computed data. This discrepancy

exists because tile hot film anemometers used in measuring the flow records

local velocity changes in the line's velocity profile, where as the computer

program calculates average line velocities.

A computer simulation at 3750 psig and at 211*F and 100 CIS was tried.

The input data is shown in Figures 336, 337 and 338. The results in 339,

340, and 34l again show good correlation to the actual data.

Likewise for a turn-on simulation the predicted data in Figures 342,

343, 344 and 345 give good correlation. The input data is in Figures 346,

347 and 348.

b. Conclusions - The HYTRAN calculations of flows and pressures

compare reasonably well with the test data measured in the Lab.

The verification results indicate that the mathematical theorv used

in the HYTRAN program is applicable to systems with pressure ranges

from 1500 to 3750 PSIG.

FAES•uRE EFFECTS RUN NO.?11-15.I 0* 1Pits"1I

TH TIRANSIENT RESPOKSE IS FROM 1-.oo TO T- .00 SECOP0S At TIME INTERVALS OF ODILy .00020

WITH OUIPUt POINTS PLOTTED AT lTI.VWALS OF . .00100 SWCONO$

FLUD 0OA•A FOR NIL-I-lO 8ll AT 1500.0 PSIG, - 53.0 PSIG AND 131.0 0EG F IN 10.0 DEG F STEPS

VISCOSITY - .1.721-01 .1SIS3|-01K$ ISEC

O|ES|IT - .7851-04- ,781E-O41L-SEC* IZ| *9'
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.D, LINGN INTERNIAL y1 fl ýQ DLA C ¶ R TISfIC ILOSITV OF

1 000.•600 .4440 .0 S0 .100E.00 9.919 241.)1,1 41360.*164S366.O000 .4.4s .0180 .*0t.0[O 9.8919 24*|110 46340O61610

COMPI, t IKIfiEk DATA 1 91 0 -1 1 -0 -0 -0 -0 -0 -0 -0 -0 -0 -0 -O

COVPI, I l011GIR DATA 1 1) 1 1 -1 *0 -0 -0 -0 -0 -0 -0 -0 4 -0 *0

ItAL OAT. CARD I 1 .*2001-01 .65000.00 -0. -0. -0. -0. 0. 0.

hIAL DATA CA.0 0 2 0. *11001-01 .90O01-01 .10000l.0 -0. -0. -0. -0.

fiAL DATA CAlR 0 3 0. 0. .0941-1T .10949.0l -0. -0. *0. -.

COlPO, I INIT160 DATA j 91 0 2 1 -O -0 -0 -0 -0 -0 -0 -O -O 4 -0

i.)IRIK Vtr RUN I - I) HYTRAN INPI'T DATA Fu+R A 'IT RN--N 'L mTAN S I VN'f

BEST AVAILABLE COPY
Jr r3
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REAL JAYA CARDS 1 .2ZO01-01 .6500E.00 -A. -0. -0. -A. -0. -..
REAL DATA CARD f 2 0. .15001-01 .1&DDE-01 .2000040o -0. A0. -0. -0.
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**o. Plassual IPPICTS lRiN NO.?3-219#P1 **eA41PRIM

THE TIANSIENT RISPONSI IS PROM T0.0. TO T. .00 SEOO NDS AT TINM INTERVALS Of SILT. .OO"I

WITH OUTPUT POINTS PLOTTIO AT INTINVALS OP 0 .00200 SOCOO$C I

FLUID OATA FOR HIL-A-83202 AT S790.0 PSIG. - $0.0 P5 AN0 200.0 01S P IN 10.0 0SE P Ill's
VISCOSITY - .799,-OZ .A161-O'IN*AZISRPC

DENSITY - .UoSO-O4 .7S0I-OS(LS-SCAAZIII|AO4

SULK MODULUS - .103E-06 .139.06APSI .

VAPOUR PRESS.- .200201 AT 208.0 DEG P

11"i EAh
N 0. LINGTHM1.4AL $ SODULUS Of DILl CIPASACTIRISTIC PELOICTY OP

1 346.3000 .4440 .0260 .3OOE0I 9.3195 23.066 46704.3714

2 166.0000 .4440 .02.0 .300*Go 9.3646 21.066 46704.Y114

Campo,1 I INTEGER DATA 1 91 10 -1 1 -0 -0 -0 -0 -0 -0 -0 -0 -0 -O -0

CmOPo, 2 INTEGER OATA 2 21 3 1 -2 -0 -0 -O -0 -0 -0 -0 - -0 .4 -O -O

REAL DATA CARD I 1 .2200-01 .6900f+06 -0. -0. -0. -0. -4. -0.

"IEAL DATA CARD 1 2 0. .1160E-01 .1340E-01 .2000E+00 -0. -0. - -0. -0.

REAL DATA CAOD E 3 0. 0. .76209#00 .7N20E*O0 -0. -0. -0. .

COamS, I INTI•EP DATA 3 91 0 2 1 -0 -0 -0 -0 -0 -0 -0 -0 4 -0 -0

FIG;URE 346 RUN 71-25 HYTRAN INPUT DATA FOR A TURN ON TRANSIENT

E .

S
s -4-

'1;: U4 q31 :

R 4.000

i TIME IN SECONDS

S~FIGURE 347 PRESSURE EFFECTS
71-25+PI TURN-ON TRANSIENT

100 CIS 2100F

4 264

1I2000g~lI

I l Il
; 41r

1 1000i



100

SI
t 80 -7 + -

E 4-KT .ir~ ' .jL..4J..
S
S
U E630 7 TI171

R

4.04'
N4 Kvfrii~~H+ 47x3ll.1 17

p j
s 204 1 4 ½ i7h I:13S.... f..t If . < 7,1,

0 4_4 4L W jW4L
0.0 0. 10 0.20

TIME. IN SECONDS

FIGURE 348 PRESSURE EFFECTS
71-25+P7 TURN-ON TRANSIENT
100 CIS 210°F

11. HYTRAN PROGRAM VERIFICATION FOR AIR EFFECTS AND RESERVOIR MODEL

In this section the test results on return line transients are

presented. The effects of different system air content levels were

monitored at various valve closure rates and system operating temperatures.

The testing was performed on a 1/2" line system with MIL-H-83282 hy'raulic

fluid.

The air effects/reservoir testing is a continuation of the investigation

of the cavitation effects in return line systems. The computer simulation

of the turn-on and turn-off transients using the HYTRAN line cavitation model

gave reasonable correlation to the test data.

The air effects/reservoir testing was run ou the system configuration

shown in Figure 349.

The following parameters were recorded for the test runs: PI, P2,

P3, Q3, P4, Q4, P5, P6, and XCV-the valve position. The P4 pressure transducer

is located 3.5 inches upstream of the F-4 PC reservoir and the P5 transducer

measures the pressure inside. The difference between P4 and P5 represent

the entry and exit losses from the one Inch line to the large volume of

the reservoir.
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LOAD VALVE

P3/03P2 3.25 1/2 x 0.028 304 S.S. TUBING

TIC NO. 2 S0

C T/ N 376 ýtASTCONTROL VALVEF-15 3FS • '_, ._ 348.38
ACCUMULATOR

,•~~ , ý " P1 [•-

"363.88 1/2 x 0.028
304 S.S. TUBING

FA PC f'lP5
RESERVOIR IF6

FIGURE 349. AIR EFFECTS TEST SETUP

The test runs are listed in Table 16. All the runs were made at

57 CIS and the reservoir pressure was kept close to 65 psig. The control

valve operating times weire varied from 2 to 16 milliseconds. Nitrogen

gas was introduced while Lhe system was running through a quick disconnect

fitting downstream of the pump outlet. After the nitrogen was dissolved

into the systems fluid the air content was measured with a mercury filled

aire-ometer. Transient tests were run at 0.4, 12, 25, 30, 38 and 48 percent

dissolved air by volume.

a. Cavitation Effects Testing at Different Air Contents - The first

test series was run at 0.4% system air content. Run numbers 70-01-XX

and 70-Al-XX were turn-off transients with valve closure rates of 4 and

16 milliseconds respectively. The plotted data is found in Figures

350, 351, 352, 353, 354, 355 and 356. All the pressures are plotted

as gage pressures.

In Figure 350 valve closure time was 4 milliseconds. The initial

transient spike at .33 seconds goes to 1000 psig. With the slower valve

closing time, Figure 356 shows that 940 psig is the maximum pressure.

The frequency of the decaying pressure is the same in both plots.
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Figure 352 shows the flow decelerating rapidly after valve closure

to zero flow at .24 seconds. The flow reverses and accelerates until

the cavity collapses causing the pressure wave at .34 seconds. The

pressure rises to 950 psig and the flow drops to almost zero. The flow

eventually stops and the line pressure settles at about 62 psig, the

"reservoir pressure.

The P4 transducer was located 3.5 inches from the entrance to the

reservoir. In Figure 353 the pressure spikes reach 460 psig. The flow

trace in Figure 354 shows exactly when these pressure spikes occurred.

This can also be seen in the internal reservoir pressure in Figure 355.

TABLE 16. AIR EFFECTS/RESERVOIR TESTING

Run Flow Reservoir Control Valve System Air Temp. Transient
Number Rate Pressure Operat. Time Content
_____ (IS (PSIG) (msec) (%) (OF)

70-01-X 57 64.5 4 0.4 137 Turn-Off
70-01+c " 60.0 2 " 128 Turn-On
70-A-Y-X " 64.0 16 " 136 Turn-Off
70-02-.C( 65.0 4 " 213 Turn-Off
70- 02+ 57.0 2 " 208 Turn-On
70-A2-,X " 65.0 12 0.4 212 Turn-Off
70-05-XX " 66.0 4 12 136 Turn-Off
70-05+X( " 60.0 2 " 132 Turn-On
70A05-CX 65.0 16 " 133 Turn-Off
70A06-XX 65.0 12 " 210 Turn-Off
70-06-XX 65.5 4 209 Turn-Off
70-06+XX 58.5 2 12 207 Turr,-On
70- i-XX 66.0 4 25 132 Turn-Off
70-11+XX 60.0 2 " 130 Turn-On
70A11-XX 65.0 16 " 136 Turn-Off
70A12-XX " 65.0 12 212 Turn-Oft
70-12-.X 65.5 4 212 Turn-Off
70-12+MO( 58.0 2 25 207 Turn-On
70-13-X " 65.0 4 30 137 Turn-Off
70-13+XX 60.0 2 " 130 Turn-On
70A13-XX " 64.5 16 " 133 Turn-Off
70A14-Mx 65.0 12 " 212 Turn-Off
70-14-XX " 64.0 4 " 212 Turn-Off
70-14+XX 59.0 2 30 208 Turn-On
70-15-XX 65.0 4 38 135 Turn-Off
70-15+4 -.V 60.0 2 to 125 Tura-On
70A15-XX 64.5 16 " 130 Turn-Off
70A16-XX 66.5 12 213 Turn-Off
70-16-XX 63.5 4 210 Turn-Off
70-16+:C< 57.0 2 38 207 Turn-On
70-17-XX 65.0 4 48 132 Turn-Off
7 70-17+ X 60.0 2 126 Turn-On
S.... 7 7- 635.5 16 135 Ttrn-Off

b5. 12 21 [urn-Off
70-18-X. 65.0 4 210 Turn-Off
70-8+.-x 57 60.0 2 48 207 Turn-On
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A turn-on transient run was made at 0.4% air content. The results

are shown in Figures 357, 358, 359, 360, 361 and 362.

Turn-on and turn-off transients were next run with 12% air content

ii; the test fixture. Results from this testing is found in Figures

363, 364, 365, 366, 367 and 368. Figures 363 and 368 show the effects

of different valve closure rates on t:he peak pressure spike in the return

line system. The peak pressure for the 4 millisecond valve closure in

Figure 363 was 900 psig at .34 seconds. The corresponding peak pressure

in Figure 368 with a 16 millisecond valve closing time was 850 psig.

Again the pressure decaying frequency was the same for the two traces.

The 12% air content turn-off transient runs indicate a more damped

pressure and flow decay. In Figure 363 there are a total of 10 pressure

peaks, while Figure 350 has 13. The initial pressure peaks reach 900

psig, but the second peak in Figure 363 is about 100 psig below the

same spike in Figure 350. The flow in Figure 365 settles to zero a

little faster thtan shown in Figure 352. The turn-on transient data for

the 12% air content runs are not noticeably different than the ones

at .4% air content.
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Run numbers 70-11- and 70-11+ were made with 25% air content

dissolved in the test system. The higher air content runs are

significantly different from the 0.4% and 12% runs. In Figure

369 turn-off transient the air coming out of solution has a

significant damping effect on the return transient pressure spikes.

The turn-on transient run in Figure 370 also exhibits a more

damped response than Figure 357,

1900 -

V~i~~}7T, 7L 74 _,21~f~t~
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P *3t rT1IK 4 j+I
R 1500 ~ _ _
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The main damping effect seen in~ the higher air content runs comes

from air that has left solution due to the exposure of the oil to

vapor prassure, since dissolved air does not alter the volume or com-

pressibility of the oil. The addition of an air/volume accumulator

slows and dampens the rate of change of pressure in the line. The

more free air 'In the line the greater the effect.

Run numbers 70-13+XX, 70-.15+XX and 70-17+XX are turn-on and

turn-off transients at 30, 38 anid 48 percent dissolved air contents.

Each run shows how the higher air content level reduces the material

frequencv of' the decaying pressure and flow waves. Figure 371 has 7 1/2

pressurus peaks. Figure 372 hts 7 and Figure 373 has 6.
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b. Ccnclusions- Return system transients were generated in the lab by

rapid opening and closing of a control valve. Air was added to the

system and allowed to dissolve into the hydraul ic fluid. As the system

air content levels Increased from 0.4, to 48% by volume, the transient
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tests showed a significant decrease in the oscillating frequency of the

pressure and flow waves following cavitation. This phenomena

results from free air collecting in the return system downstream of

the valve. The air came out of solution after the pressure drops to

near zero which occurred when the control valve was either opened

or closed. At higher dissolved air contents more air would leave

the fluid given the same valve operating rate and system temperature

and reservoir pressure. This free air would slow the rise and decay of the

pressure and flow waves by providing an additional air/spring for these

waves to travel through.

The testing indicates that at higher air contents the severity of

return line pressure transients are reduced.

Unfortunately this was about the only benefit of dissolved air.

From a total system viewpoint, large amounts of air may cause serious

problems relating to system start-up and normal c+"ration. Start-up

problems include lack of pumip prime (airlock), system damage due to

transient air ingestion by the pump and excessive drop in reservoir

level.

Currently the effects of air in hydiaulic systems is not modeled

in the HYTRAN computer program. Dissolved air does not alter the physical

properties of the hydraulic fluid, but free air in the form of large or

small bubbles in the fluid flow would drastically affect the component

and line models. Predicting the occurrence of these air bubbles,

their size and interactions with the fluid and components would be a prod-

igious task far beyond the scope of the present contract. The testing

has provided basic data on how dissolved air affects hydraulic return

system performance.

Since the .4% and 12% air content tests showed little change, and

the existing HYTRAN cavitation model gives a reaonable cavitation

simulation, as shown' in Section V Paragraph 2 it is considered that

the current model is adequate for most program needs.
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12. VALVE CONTROLLED ACTUATOR MODEL VERIFICATION

The test results obtained on a modified F-15 stabilator servoactuator

are compared to the HYTRAN valve controlled actuator model - subroutine ACTIOI.

The testing with the servoactuator was performed on a 1/2 inch line system with

MIL-H-83282 hydraulic fluid.

The ACT1OI subroutine models a simple servoactuator with a mechanical

unit connected to the servovalve, which operates open loop without feedback.

The valve is assumed to have a linear square port configuration with zero overlap.

The width of each port was input independently to allow the valve areas to be

matched to the actuator piston areas. The measured time history of the valve

position was used as the mechanical input to the computer program. The

stabilator configuration and input data is shown in Figure 374.

The F-15 stabilator test series was run on the system configuration

shown in Figure 375. The following parameters were recorded in the laboratory

for the test runs: P1, P2, P3, P4 and P5 cylinder no. 1 pressure, P6 - cylinder

11o. 2 pressure, Xv - valve position and x - main ram position. The test runs

are listed in Table 17.

TABLE 17

F-15 STABILATOR TEST SERIES

Test Conditions Initial Control Valve Run Number
Position

(IN)

Extend* 0.0 67-01
Retract* 0.0 67-02
Extend-Retract* -3.93 67-03
Retract-Extend* +3.93 67-04
Bottoming (Extend)* 0.0 67-05
Bottoming (Retract)* 0.0 67-06
Extend (.25 VDC step input) 0.0 67-07
Retract (.25 VDC step input) 0.0 67-08
Extend (.5 VDC step input) 0.0 67-09
Retract (.5 VDC step input) 0.0 67-10
Extend (1.0 VDC step input) 0.0 67-11
Retract (1.0 VDC step input) 0.0 67-12
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Re rn Pressure

Connection No. 2 Connection No. 1

Input
Command •, S• , XV + VE

External
LoadS

S_+

No. 2 Volume J No. 1 Volume

No. I Area ---------------------------------------------------------- 6.848 IN**2
No. 2 Area ----------------------------------------------------------- 6.848 IN**2
No. 1 Volume --------------------------------------------------------- 28.00 IN**3
No. 2 Volume -------------------------------------------------------- 28.00 IN**3
Stroke with Actuator Fully Retracted -------------------------------- 3.93 IN
Stroke with Actuator Fully Extended ------------------------------- 3.93 IN

Velcit~apin------------------------------------------------------.5L-SEC/INVelocity Damping .5 LB-SCI

Load Mass ------------------------------------------------------------.- .0259 LB-SEC2 /IN
Slot Width Vol #1 to Con #1 ----------------------------------------- 0.3832 IN
Slot Width Vol #1 to Con #2 ------------------------------------------ 0.3832 IN
Slot Width Vol #2 to Con #1 ------------------------------------------ 0.3832 IN
Slot Width Vol #2 to Con #2 ----------------------------------------- 0.3832 IN
Compressive Load with Actuator Retracted ----------------------------- 0.0 LBS
Compressive Load with Actuator Extended ---------------------------- 0.0 LBS
Initial Actuator Position -------------------------------------------- DEPENDENT ON

TEST THAT WAS
RUN

FIGURE 374. F-15 STABILATOR INPUT DATA
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XVXR _ l--- -- '-' 7

X C-,,al Sr~)Po w P5, P6
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PBs P6  Cvlyh., P,Nmsue F.15 STABILATOR
ACTUATOR

FIGURE 375. F-15 STABILATOR ACTUATOR TEST CONFIGURATION

The actuator subroutine was modified to accept the valve position

commands at each calculation time step. Normally the command data is

inserted for a few points and a linear interpolation is made to determine

the valve position at any time step.

To closely approximate the operation of the actuator it was necessary

to add a couloumb friction force in the computation of the main ram velocity.

There was no load on the actuator but the weight of the main ram was input

with the data shown in Figure 374.

a. Computer Simulation with the F-15 Stabilator Test Data - The

computer simulation used the input data shown in Figure 376 along

with the input boundary data in Figures 377, 378, and the control

valve position in Figure 379. The control valve was moved from the

null position to an extend direction at the maximum valve rate.

The results of the simulation are shown in Figures 380, 381, 382,

and 383. Figure 380 contains the pressure immediately upstream

of the stabilator actuator. The computed data at 50 milliseconds

is about 400 psi below the actual results. The data measured down-

stream of the actuator in Figure 381 cavitates while the computed data

only drops to the return pressure of 250 psi.
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000P-15 STANILATOR 6CTU&70A - INTEN4DING .. *#(STA$261

THE TRANS1kNI RSPONSE 13 FROM T-0.0 TO I- .Z0O SFCOP)ls At TIME INTERVALS or DILT. .00020

WITH OUIPUT POINTS i'LOFTE.3 AT INTERVALS OF , .00200 SECONDS

-FLUID DATA FOR NIL-N.-P1S26 At 3000.0 PS16. 10.0 PSIG AND 100.0 019 F IN 10.0 DEC F STEPS

VISCOSITY - .317f-01 .249C-0OXIN"21SEC

DlENSITY - .8011-0'. *7QIF-04(L4-SIC**ZIIIN**4

BULK MODULUS - .2'44.F*0 .2C.YE*06t51

VAPOUC PRESS.- Z200E#01 AT 100.0 DEG F

Nf NO. 'ENTH 1NTFRNAL WALL MnOUflUTOF UELX HARAC7 RISTIC ErCT O
DA THICKNESS ELAS TI iTY IMP EDAN ~ DUND

1 358.6000 .4440 .0280 .300E+08 10.54'1 26.0479 S1912.4297

2 362.0000 .*4%4 .0200 .300E#00 10.6471 26.8478 $1912.4297

*.COMPO,.I INTEGER DATA 1 91 0 -1 1 0 0 0 0 0 0 0 0 0 0 0

Compop Z INTLGERODATA 2 96 0 0 1 3 0 0 0 0 0 0 0 0 0 C.

Compl. 3 INTEGER DATA 3 10) 2 1 -2 0 0 0 0 0 0 0 0 a 0 0

REAL DATA CARD 0 1 .6848E*01 *68448101 .27001.02 .27001.02 -.3930E#01 .3930E*01 .1000E*00 .2590E-01

-- REAL DATA CARD 0 2 .6000E*00 .60001.Oo .6000L.00 .6000E..oo 0. 0. -.2900f.01 0.

COMPOP 4 INTiGER DATA 4 91 0 2 1 0 0 0 0 0 0 0 0 a 0 a

FIGURE 376. RUN 67-11 HYTRAN INPUT DATA FOR ACTUATOR EXTENDING

I 1-4

~4W~1~~L4-f-4-4T~F~ T

14 4-

_T _T '* '-'- _ __4+J

P

2000 ~ -

0.0 0.10 0.20
TIME IN SECONDS

FIGURE 317. F-15 STABILATOR ACTUATOR 67-11-111 STEP INPUT EXTEND) I000 F
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The computed cylinder pressures in Figures 332 and 383 do not

show the 15 msec delay after the initial transient at 26 msec.

Figure 384 is a plot of the valve reaction forces on the main control

spool versus time. When the actuator is moved in the extend direction

the initial transient valve reaction force is in the direction which

tends to close the valve, however, the next transient reaction force

is in the direction which tends to increase the valve opening. There

is a net change of 3 lbs of force during this transient. The reason

for the destabilizing effect is not thoroughly understood on the F-15

stabilator actuator. Perhaps the damper at the end of the valve is

affecting the actual dynamics in this adverse manner. No attempt

has been made to model the destabilizing effect in the program.

Consequently the initial transient response in Figures 382 and 383

do not match the measured data. The remainder of the transient

response is predicted adequately by the HYTRAN program.

5.00

E4 +1 .00 - - - -

T. 7- 1 T• = 00

3-3.00 7

-1.00 ---

TIME IN SECONDS

FIG.URE 384. F-15 STABILATOR ACTUATOR 67-11-FF STEP INPUT EXTEND 100°F
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b. Conclusions - The valve controlled actuator tested in the lab

exhibited some destabilizing valve reaction forces. These may have

accounted for the poor correlation with the initial transient. The

addition of the stiction forces help with predicting the magnitude of

the first transient spike, but it could not model the subsequent

15 msec delay before the rise of the cylinder pressures. The inclusion

of a dynamic friction term assured that the cylinder pressures were

of the proper magnitude.

The simple servoactuator model used in the HYTRAN program gives

reasonable correlation with the lab test data and is considered a

good subroutine for most applications.

13. SUBSYSTEM MODEL VERIFICATION

Transient testing was done on the F-15 Iron Bird utility speedbrake

system. Figure 385 contains a schematic diagram of the Lest configuration and

instrumentation. The tests that were run are listed in Table 18. Most of the

verification work to this point has been accomplished for inlividual component

models. The speedbrake tests represents the first RYTRAN computer verification

for an entire subsystem. The models used in the simulation were a four way

valve (subroutine VALV22), a utility actuator (subroutine ACT120), three

orifice restrictors (subroutine REST41) and the branch and line component

models.

TABLE 18

F-15 IRON BIRD

TRANSIENT TESTS ON SPEEDBRAKE SUBSYSTEM

RUN NO. TEST CONDITION TEMP UTILITY
VALVE POSITION PUMP INLET (*F)

80-04 Hold - Extend 183
80-05 Hold - Ret 184
80-06 Ret-Ext-Ret 185
80A04 Hold-Ext 190
80B05 Hold-Ret 187
80A06 Ret-Ext-Ret 193
80-07 Ext-Ret-Ext 197
80-08 Ret - Ext 190
80-09 Ext - Ret 190
80--10 Ret to Ext 187

Actuator Bottomed Ext
80-11 Hold to Ret 190

Actuator Bottomed Ret
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FIGURE 385. F-15 IRON BIRD SPEEDBR-AKJE SYSTEMq CONFIGURATION

a. Computer Simulation With Test Data - A computer run extending the

actuator was made with the system configuration data in Figure 386 and

the pressure boundary conditions in Figures 387 and 388. The results

of the simulation are shown in Figures 389, 390, 391, and 392 overplotted

with the test data. The computed pressure correlates well with the

measured values. The computer peak pressure in Figure 392 is 100 psi

higher than the measured data. This occurs because the 4 way - 3 position

control valve opened the actuator to return before the pressure side was

opened. The peak pressure value could be lowered by adjusting the

valve opening position in the data shown in Figure 386.

A change in the max opening position of the valve will alter the

rate of decay characteristics of the transient which would change the

computed points in Figures 390 a3d 391.
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***4 F-lI SPEED BRAKE SYSTEM - OA04 EXTEND 040*$0TS95S)

THE TRANSIENT RESPOqSE IS FROM T-0.0 TO T. .200 SECONDS AT TIME INTERVALS OF DELT. .00020

VITH OUTPUT POINTS PLOTTED AT INTERVALS Or P .00200 SECO0DS

FLUID DATA FOR MIL-4-5606 AT 3000.0 PSIG. - 0.0 PSIG AND 193.0 0EG F IN 10.0 DEG F STEPS

VISCOSITY - .92,E-02 *?601-O2IN*A2ISEC

DENSITY - .79SE-04 .?06E-O4(LO-SECO**2.IN**4

AULK MODULUS - 1RIZE406 *146E+O6PSI
VAPOUR PRESS,- *20OEtO AT 193.0 DEG F

ItS DATA ,NTIRNAL UA ~ ° 8LOCITY OF
NO.RM LENGTH 17ENL V XES MDDUýJ InF DELX CH.ARACTERISTIC ýLCT 0

A NELASTICITY M•E ANC LIUND

1 194.5000 .6720 .0390 .150E08 8.8400 9.7473 45480.3285

2 71.5000 .5610 .0320 .150E+08 8.9375 13.q6?2 43421.5314

9 22.0000 .4480 .0260 .2501EOs 11.0000 21.9314 43480,3201

* 60.0000 .4480 .0260 ,150E.08 lO.CjO0 21.934 43480.3209

9 79.0000 .4480 .0260 .150F08 8.7778 21.9314 434800.325

6 18.0000 .4480 .0260 .1530108 9.0000 21.9314 43480.3285

7 S1.0000 .6440 .0280 ,IOOF#08 3.5000 21.6045 42070.6420

S 1.OOOC .4440 *02F0 ,10Oo+08 10.5000 21.6045 420?0.6420

9 192.0000 .6800 .0350 lOOf+OR 8.3478 9.0092 41190.2420

COaPp, 1 INTEGER DATA 1 91 0 -1 1 0 0 0 0 0 0 0 0 0 0 0

COamp. 2 INTEGER DATA 2 11 0 1 -2 0 0 0 0 0 0 0 0 0 0 0

COMP@, S INTEGER DATA 1 22 4 2 -3 -7 6 0 0 0 0 0 0 0 4 0

REAL DATA CARD 0 1 .250,O-02 .12501+00 .62OOE-01 .3200102 -.2500-OZ -. IZSO1 00 .630O1-01 .,2001*02

REAL DATA CARD 1 2 .25001-02 .62OOE-01 .6ZOOE-01 .3200E*02 -.25OOE-02 -.1230F100 .6300E-01 .3200E#02

REAL OATA CARD 0 3 0. .230O-01 ,7100•-01 .2000E100 0. 0. 0. 0.

REAL DAYA CARD 0 4 0. 0. .1863E*00 .1863E*D0 0. 0. 0. 0.

COamRp 4 INTFGFR DATA 4 41 1 3 -4 0 0 0 0 0 0 0 0 0 0 0

REAL DATA CARD 0 1 .463?7100 .6500E+00 0. 0. 0. 0. 0. 0.

COnPo. 3 INTEGER DATA 5 102 2 4 -5 0 0 0 0 0 0 0 0 0 0 0

REAtL DAT CAPD 0 1 .9730E*01 .7n40E+01 .1190E+01 .,41iE*,03 .OOO0+0 .341Z+142 ,1OOOOO .31801-01

REAL DATA CARD v 2 0. 0. .1000-01 0. 0. 0. 0. 0.

CamPo, 6 INTEGER DATA 6 41 1 -6 5 0 0 0 0 0 0 0 0 0 0 0

REAL DATA CARD 0 1 .4638100 .865001*00 0. 0. 0. 0. 0. O0

COaPo, 7 INTEGER OATA ? 41 1 7 -R 0 0 0 0 0 0 0 0 0 0 0

REAL DATA CARD 0 1 .3310E#00 .6500F00 0. 0. 0. 0. 0. 0.

CORP@, 8 INTEGER DATA 8 11 0 8 -9 0 0 0 0 0 0 0 0 0 0 0

COMPR, 9 INTEGER DATA 9 91 0 9 1 0 0 0 0 0 0 0 0 0 0 0
C TI1E IN SECONDS * 6.621

STEADY STATE INPUT OATA

NUnRER OF NODES 8 HUNmER OF LEGS - 8 NUNRER OF CONSTANT PRESSURE NODES * 0

LEG CONNECTION INPUT DATA

LEG NO UPSTI NODE NO DOST NODE NO NO OF ELEMENTS FLOW GUESS UPSTO PESS DuST PIESS

4 l: .?08 8 000~ 8 .0 0~
A 4 0.00000 8:80084O000000 0, 000 80 O

10.00099 8:008 8:8000,00
6 4, 10. 00000 8:88d8

8 10.00000 O,0OOO8

LEI NO ELEMENTS IN LEG---2
1 -- 1. 0 -- 1, 2

3 -- 3.

i-I(URE 386. RUN 80A04 HYTRAN INPUT DATA FOR SPEEDBRAKE EXTENDING
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2600.0000 +
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FIGURE 389. 80A04-P2 SPEEDBRAKE EXTENDING

9o00.0000 - - - - - + - ---------------------- * - - * - ------- ----
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4000.0000 .
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1000.0000
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FIGURE 390. 80!p04-P`3 SPREEBRAKF EXTEND)ING
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----- -e• O 0 ------- ----- -----* -----4 ... . . ------
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2"00.0000-p 4p
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I I
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p 1
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I I
I • •UE R•EI
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+ ~i
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F e -l9$ SF SR K+ Y TE A OA 4 F!SN'**C (TSjS
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1600.0000 I

1200.0000I
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"IGURE 392. 80A04-P5 SPEEDBRAKE EXTENDING
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b. Conclusions - Modeling of the speedbrake subsystem with the HYTRAN

program went exceedingly well. This computer run showed that the

component models do function properly in a system simulation, and
for this basic system the HYTRAN program was able to calculate the

proper pressures and flows.

14. TWO PUIP TESTING AND SYSTEM VERIFICATION

The test results obtained from the two pump testing are compared to

the HYTRAN program computer simulation. The testing was done on a one

inch line system with MIL-H-83282 hydraulic fluid. Test conditions were

established to determine factors and pump modes aifecting instability,

and to examine changes in the pumps or systei' ihat would improve stability.

Table 19 contains a list of the time domain tests that were made on the parallel

pump setup. A simplified system schematic of the parallel pump test setup

is shown in Figure 393.

L Vq,•, Check Valve
(200 psi)

-PUMP . F-15 INSTRUMENTED PUMP
DRIVE

LOW LEVEL STEADY STATE
PA CONTROL VALVE

IVlE -. 2 5 -15 P (5 psi)
TRANS IENTr CONTROL

3750 PST RELIEF

TURBINE FLCOWETER (TY?.) VALVE
t_____<10' x 3/8" OD P

F-4 PESERVO

- 5 GPK

RERETURN FILTER 
50 CM?

S00 PSI(;. AIRE-L4TE
RELI•EF H20 IN H20 UT
VALVZ PEZAT EXCHA14CER

ACCUMULATOR 2AT uc

FIGURE 393. !YARALLEL PUMP TEST SETUP
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TABLE 19. PARALLEL PUMP OPERATION TEST

01 Pump - 5 psi check valve - F-15 instrumented pump
02 Pump - 225 psi check valve

Run No. Test Drive QCD PS PR S.S. Pump Inlet
Condition Speed (RPM) (CPH) (psig) (psig) Flov(GPM) Tamp ('F)

1 2 1 2 1 2

69-O1-XX Turn-Off 3585 3600 .60 1.33 41.7 49 40 124 124
Transient
40 .0.5GPM

69-01+XX 
7
urn-On 3590 3600 .82 1.36 48.1 48.5 0.5 125 126

Transient
0. 5 -40GPH

69-02-XX Turn-Off 3596 3573 .63 1.34 40.2 49 47 127 126
Transient
47 -0.56CPH

69-024!Ot Turn-On 3596 3600 .88 1.35 47.2 48.5 0.5 128 128
Transient
0.5 -47GPM

69-03-XX Turn-Off 3596 3600 .67 1.34 43.3 51. 20 116 125
Transient
20 -*0.5GPM

69-03+XX Turn-On 3591 3600 .86 1.31 43.5 48.5 0.5 128 132
Transient
0.5 20GPM

#1 Pump - 5 psi check valve
#2 Pump - 225 psi check valve - F-15 instrumented pump

69-04-XX Turn-Off 3597 3600 .63 .27 39.1 49 40 126 134
Transient
40 .0.5 GPM

69-04+XX Turn-On 3601 3600 1.39 1.13 46 49 0.5 126 129
Transient
0. 5+ 40GPM

69-05-U Turn-Off 3605 3560 .53 .5 38 50.5 47 127 125
Transient
47 -05.GPM

69-05+XX Turn-On 3598 3600 1.33 1.03 46.7 49 0.5 124 123
Transient
0. 5 .47CPH

69-06-XX Turn-Off 3602 3600 .98 .89 45.5 50 20 130 128
Transient
20 .0.5GPM

69-06+XX Turn-On 3596 3600 1.40 1.04 46.8 50 0.5 128 143
Transient
0.5 -20GPM
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TABLE 19. (CONT)

01 Pump - 5 psi check
92 Pump - 225 psi check - P-15 instrumented pump

Both pump compensators set for identical outlet pressure

69-07-XX Turn-Off 3599 3560 .55 .5 42.3 51 47 126 124

Transient
47 -bO.SGPM

69-07+XX Turn-On 3598 3600 1.36 1.0 50.6 49 0.5 128 132
Transient
0.54 47GPM

69-08-XX rum-Off 3598 3600 .98 .68 46.4 48.5 20 129 125
Transient
20 4O.5GPM

69-08+XX Turn-On 3590 3600 1.29 1.00 0.5 50.9 49 128 132
Transient
0.5 ý20GPM

#1 Pump - 5 psi check valve
#2 Pump - 5 poi check valve - F-15 instrumented pump

Pump compensations set for same outlet pressure

69-09-XX Turn-Off 3594 3573 .64 .07 41.9 48.5 47 127 126
Transient
47 10.5GPM

69-09+XX turn-On 3595 3600 1.35 .81 52.5 50 0.5 128 126
Transient
0.5 -k47GPM

69-10-XX Turn-Off 3592 3600 1.05 .57 - 49 20 133 123
Transient
20 -0.5GPM

69-10+XX Turn-On 3594 3600 1.36 .86 50.1 49.5 0.5 125 125
Transient
0.5 -20GPM

69-11-XX Turn-Off 3432 3573 ý60 .50 38.2 50.5 47 129 130
Transient
47 M0.5GPM

69-11+XX Turn-On 3432 3600 1.31 .82 46.0 49.5 0.5 130 132
Transient
0.5 .47GPM

69A11-XX Turn-Off 3435 3560 .77 .50 41.4 49 47 126 127
Transient
47 -O.5GPM

69A1I+XX Turn-On 3435 3600 1.36 .83 48.9 49 0.5 130 131
Transient
0.5 -47GPM

69-12-XX Turn-Off 3433 3537 1.09 .60 50.9 50 20 130 132

Transient
20 *0.5GPM

69-12+XX Turn-On 3435 3600 1.31 .87 51.2 49 0.5 129 132
Trans

4
ent

0.5 -20GPM
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a. Copue Siuato A computer simulation of the two-pump system

was made with the HYTRAN Program. The HYTRAN block diagram of the test

system is shown in Figure 394. The complete test setup is modeled

except for emergency relief path lines and components. The elements

which make up the system are split into lines and components. The

lines are numbered sequentially and have upstream and downstream

ends. The components are also numbered in a separate sequence. Node

numbers are assigned to the points at which the flow divides or combines

under steady state flow conditions and leg numbers are labeled between

two nodes.

-LCG DATA-

I *It 43

It j *14 1 # MS

yAV Z)LA A-1 14) 0 ?4 5 NC.

_d 05tc) H7 N to

C.." ;AA4DJ"X
4  

it N~ I

*±.L~ . .jjiL

.11 If N 14
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The simulation consisted of running the HYTRAN Program under the

same lab test conditions. Measured test data was not used as boundary

conditions in the simulatior. This was done to test the basic accuracy

of the program without any external forcing factors. A turn-on

transient was made with the test conditions similar to run number

69-07+XX.

The test data for run number 69-07+XX are presented in Figures 395

through 399 overplotted with the results from the computer program.

b. Conclusions - The HYTRAN simulation of the two pump test system

indicated reasonably good correlation with the measured data. The

initial response predictions were adequate but the final steady state

operating pressures were not correct. Further work with the pump model

should correct this situation.

5000.6000 .---- .-- - ----- --------- --------------------

4000.0000 h

| ,PPPp p p ip pp pp IPPvIPPP PPPPPP P

I
3000 0P P P

P MP COMPUTED PREME
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0-00--------4--------- ----- ----------

~JR P- ~, UP S aO U1L -11 IOF 5j% 1NJ~ A16 LINE WRISER
O *0 0 ". .... ... 1 ......... ID .. .. .. V . . . . . ... 7 * .. . . ..S. .. . .Y . .- * 1..
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15. F-15 COMPENSATED CHECK VALVE TESTING

Transients tests were performed on a compensated type check valve shown

in Figure 400. The check valve is designed to trap a quantity of fluid

which can be transferred back into a selector valve that contains a return

pressure sensing (RPS) circuit. During operation of a subsystem the return

oil decelerating when a valve is shut off causes momentary cavitation. With

a standard type check valve this oil is prevented from returning to the

cavitated valve and the RPS circuit shuts off the selector valve until sufficient

pressure builds up on the return side through valve leakage. The volume of

trapped oil (.5 in 3 ) in the compensated check valve can be immediately supplied

to the cavitated line preventing RPS shut off. The reservoir back pressures

supplies a sufficient force to transmit the trapped volume of oil to charge

the RPS.

The transient tests were made to determine the dynamic effects of the

compensated check valve in a return circuit. The test runs made with the

check valve are shown in Table 20. The test configuration was the same as

shown in Figure 233 in Section V, Paragraph 5. The compensated check valve was

located in the same position as the test specimen.

Figures 401 and 402 are oscilloscope pictures of the transducer

data for a 38.5 CIS turn-off transient. The P6 data shows a pressure spike

occurring at 0.4 sec in the test run. The P6 transducer is located immediately

POSITIQ4 I

SF1ECTOR VALVE:> YMSERVOIR

COWP'ENSA TED VOLUDE

FIGURE 400. F-15 COMPENSATED CHECK VALVE
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FIGURE 401

Run No. 61AO7-XX
4F low 38 .5 C IS

Sample Interval - I msec
2.D a t a P o i n t s - 1 0 0 0Temperature - 125 0F.

P4 & P2 - 500 psi/cm
P5 P5 -1300 psi/cm

P6 - 500 psi/cm

FIGURE 402

Qi

Q3 Run No. 61A07-XX

P1 & P3 - 500 psi/cm

P I

P
3

305



TABLE 20. COMPENSATED CHECK VALVE TEST SERIES

Run Number Test Flow Rate Temperature
Condition _CIS (__F)

61-07-XX* Turn-Off 38.5 125

61-07+XX Turn--On 38.5 125

61-08-XX Turn-Off 11.55 125

61-08+XX Turn-On 11.55 125

61-09-XX Turn-Off 38.5 210

61-094XX Turn-On 38.5 210

61-1O-XX Turn-Off 11.55 210

61-lO+XX Turn-On 11.55 210

*xx-Denotes measured parameter

downstream of the control valve. The pressure spike results from the cavity

collapsing with a zero flow rate. The pressure spike is close to the system

return pressure. The affect of this compensated check with the oil volume

in the line was to dampen the turn-off transient. The compensated check

valve did not operate in the proper manner for these tests.

In the F-15 the compensated check valve is located three to four feet

downstream of the valve. Within this distance the check valve is able to

provide enough oil to prevent the RPS from triggering the valve. However,

in the test set-up the compensated check valve was loceted thirty feet from

the control valve. Therefore the check valve could net perform adequately.

Consequently no computer analysis of these test results were made.

16. ACCUMULATOR TRANSIENT TEST DATA

Transient tests were performed on the F-15 Jet Fuel Starter (JFS)

accumulator. A simplified schematic diagram of the test accumulator is

shown in Figure 403. The accumulator is a self-displacing type with a normal

operating pressure of 3000 psig. A thermocouple temperature probe was

installed in the gas side so as to directly measure gas temperature.
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___ /P2
PRESSURE 4.

AL I lz OIL GN
. h, .. .T• 2

POSITION TRANSDUCER P1

.....-. iTEMPERATURE
RUPROBERETURN

PI ........................... Oil Pressure (psig)

P2 ........................... Gas Pressure (psig)

P ........................... Piston Position (in)

T ........................... .. as Temperature (0 F)

Piston Area (gas side) ......... .......... 19.6 in 2

Rod Area ......... ................ .. 0.708 in 2

.3
Max Oil Volume ..... .............. ... 140 in

Max Gas Volume ..... .............. ... 215 in 3

Operating Pressure .... ............ ... 3000 to 3500 psig

Fluid ............ .................. .. MIL-H-5606B

Gas ............ ................... .. Nitrogen

FIGURE 403. JFS Accumulator
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Testing consisted of precharing the gas side to either 1000 to 1720 psig

then charging or discharging the accumulator at various rates. Data from test

runs 3, 4, 6, 13 and 14 were analyzed to determine the polytropic specific

heat ratio (n) of the nitrogen gas. Test runs and conditions are listed in

Table 21 . The initial stabilized temperature of the accumulator was shop

ambient (75 to 85'F) for all test runs.

Data plots for run number 3 are shown in Figureb 404 through 407 for

a 3 second charge-up transient. The specific heat ratio was computed at

various time steps during the charging transient. Each value of n was computed

using the initial state conditions at zero time, and the state condition at the

elapsed time from the start of the transient. The specific heat ratio was

determined using the pressure-volume relationship for a reversible polytropic

process.

1 V2

5000

I A- 4 I t ;_ ý rT __7 ,

E kJ_ _ __ _ _ x,$
I-•.• . , , :&,., > ,Y I , . -

S

-I

N 2000 _ 
_

E

1 00:0_ -

4 t

0.0 .5.000 10.000
TIME IN SECONDS

FIGURE 404. ACCLIMULATOR ACU'-3PI
P1 OIL PRESSURE

75OF CHARGE



TABLE 21. F-15 JFS ACCUMULATOR TESTS

kun Test Charge or Gas

Number Condition Discharge Time Precharge

_____ _____(Sec) (sg

2 Discharge 10 1000

3 Charge 3 "

4 Discharge 5

5 Charge 30

6 Discharge 31

7 Charge 10

8 Discharge 16

9 Charge 15

10 Discharge 20

11 Charge 10 1720

12 Discharge 10

"13 Charge 1

14 Discharge 2

15 Charge 25

16 Discharge 23

17 Charge 15

18 Discharge- 15

19 Charge 32

20 Discharge 34

5000
4--- --

P r . -÷- Tt --

t -.

Nt 260 -4---4 't -4
--

-4 --7:

E r

I m
S4, -- -

I.0,-- 1- -- - r --4-----

TIME IN SE-ONDS

18009

i: _h4

TIME INSCOD
• = FIGURE 405. ACCUMULATOR ACC-3P2

•-_•i _iP2 GAS PRESSURE
•i~il i75'F CHARCFE
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Gas pressures (P2) were taken from Figure 405. Volumes were calculated from

rne change in piston position from Figure 406. A plot of n versus the time

from the start of the transient is shown in Figure 408.

Calculated values of n for a 1 second charge up are shown in Figure 409

(Run 13). The computed value of n is slightly higher than the ideal gas value

of 1.4 for an adiabatic process.

Run number 4 was a 5 second discharge transient. Results are shown in

Figures 410 through 413. A plot of n vs time is contained in Figure 414,

which also shows the specific heat ratio computed from pressure-temperature

and volume-temperature relationships. Although the temperature probe

response was relatively good the T - P and V - T valuies of n exhibit a different

characteristic than the P - V values. The curves intersect at a value of n = 1.276

and a time of 2.58 seconds. The intersection indicates that the temperature

probe provided an accurate reading of gas average temperature at this condition.

The T - P and V - T values are lower initially. This occurs because of the

time lag needed for the mass of the thermocouple to react to the rapid drop

4in the gas temperature at the probe, i.e. indicated temnerature is higher than

the average. After 2.58 seconds, the thermocouple output is still lagging

local gas temperature, however, the gas is nowv receiving significant heat

from the accumulator walls. The net effect is that the probe temperature is

below the average gas tempeŽature after 2.%g seconds.

The P - V relationship should be used in the computation of the ratio of

the specific heats since the measurement of these parameters does nct entail a

significant response characteristic.

Figure 415 is a plot of the ratio of specific heats versus time for

run number 6, a 31 second discharge transient. Heat transfer from the

accumulator wall to the gas produces an average process value less than that

for an isothermal process (n = 1).

Figure 416 shows values computed for a rapid discharge (2 seconds). Average

specific heat ratios are well above the adiabatic ideal gas value of 1.4.

Discharge characteristics of the F-15 JFS accumulator are summarized in

Figure 417. Average specific heat ratio is plotted vs total discharge time.

Average specific heat ratio is based on end state conditions at the start of

the transient and at the end when the accumulator is empty (bottomed on the

311



--------- .... 2

.1 29I

1.1127
1.2,

1.0 ........... K......----

.... .... .....

0.,.

0.4 0.8 1.2 1.6 2.0 2.4 2.8 3.2

TIME FROM START OF CHARGE-UP (SECONDS)

FIGURE 408. F-15 JFS ACCUMULATOR POLYTROPIC SPECIFIC HEAT RATIO(n
VS. TIME FROM START OF CHARGE-UP

1.7'7 I ... I.... .

-~ --- v ~RUN ACC 13
1.6 -4-

.__1.46 14 1. 43

-1.45 1.44 1.14571--.4

1.4

1.31

.. ... . --- -.. .

1.2

.0 .9

.0 0, . . . 1.0 . . .2

VS .. TI.. .. .. .. FRMSATOFHREU

312I.



S 4-

E I-T

m -s

N000 20000

E - -

I t7 -

N20007 -

0
0.0 10.000 20.000

TIME IN SECONDS

FIGURE 411. ACCUMULATOR ACC-4P2
P2 OAS PRESSURE

750 F DISCHARGE

7i 313



1077

8 - - _I

N~~ ~ I- -

- -r- 7-t - :L

0 F~

VN 2T -- -t

0 .... ...4...

0.0 10.000 20.000
TIME IN SECONDS

FIGURE 412. AGCUM1JLATOR ACC 4P

P PISTON POSITION
75*F DISCHARGE

-' + -tI+I

D - 2 0  
T 

T -,-.-.., L

F 60 -77 ' -- -

0.0 10-00 20.00
TIME IN SECONDS

VTGIRJU 413. ACCUMIJ1ATOW ,," 4T
T GAS TEMPERATURE
7 "I'F CHARGE

3 1



1 ~ V77 7.[ RUN c4

L. J4.42...2J..i
1.326

1.29 3 7V

w 1.224 +w&

.... 1 165

1.0

0 8 ....... 
__ __

12 3 4 5

TIME FROM START OF DISCHARGE (SECONDS)

FIGURE 414. F-I5 JFS ACCUMUJLATOR POLYTROPiC SPECIFIC HEAT RATIO (n)
VS. TIME FROM START OF DISCHARGE

'- -- -.8 -, ------------ ~---- -. . .

I T .......

1.5 6

.. .. .. . .

1.2 ------- -

1.1118 ~ b ..

1.0 ... ___- I1.081. -

- .1.020 0.999 ... I

0.9 0.977~
0.9F .-- 0. 952-0.2

0.8 ..

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34

TIME FROM START OF DISCHARGE (SECONDS)

FIGURE 415. F-15 JFS ACCUMULATOR POLYTROPIC SPECIFIC HEAT RATIO (n)
VS. TIME FROM START OF DISCHARGE

315



17

1.6 I6 4 2 1 .'65
1*~ , .1 1.576 ..

1.5--- -- 1. 525 1 .552--k-----~-

1 .3

1 . 2 ........ _ _ _ _

...............

1 0I

0 0.5 1 1.5 2 2.5 3

TIME FROM START OF DISCHARGE (SECONDS)

FIGURE 416. F-15 JFS ACCUMULATOR POLYTROPIC SPECIFIC HEAT RATIO(n
Vs. TIME FROM START OF DISCHARGE

... ' . ... I END STATES-

17

. 7. ... .. . .. ...

1.5

1.4.

.. .. ...... .... .... ....... ..... . .

1 01

u.8 ~ ~ ~ . ...8.........{.j

2 4 6 8 10 12 14 16 18 20 22 24 2 6 28 30

TIME FROMj START OF DISCHARGE (SECONDS)

FIGU'RE 417. F-15 IFS ACCUMULATOR POLYTROPIC SPECIFIC HEAT RATIO()
VS. IME FROM START OF DISCHARGE

316



oil side). This plot provides good design values for sizing accumulators. A

family of these curves exists for various initial JFS accumulator temperatures.

Design values greater than 1.6 may be required for low initial temperatures.

a. Conclusions - The range of specific heat ratio during accumulator

discharge (and charge) varies widely depending on the duration of the transient.

Discharge of the F-15 JFS accumulator from an initial shop ambient

temperature condition produced the following specific heat (n) values for

various discharge times.

Total Discharge Range of Specific Heat Ratio (GN2 )
Time (Sec) During Discharge

2.3 1.65 to 1.52

5.0 1.32 to 1.16

32.0 1.16 to .926

Higher specific heat ratios would be obtained for lower inital

temperatures particularly for the longer discharge time. A specific

heat ratio for sizing an accumulator should be chosen for the maximum

discharge rate and lowest initial temperature expected in the applicable

system.

Computer simulations which model rapid changes in accumulator

pressure should use a high specific heat ratio, 1.4 to 1.6. The present

HSFR program uses 1.4. The HYTRAN program accumulator model currently uses

a specific heat ratio of 1.0, making no attempt to model the wide range

of specific heat ratios possible for transient calculations. A constant

specific heat ratio should be selected and used in the HYTRAN gas

accumulator model to suit the type of application being analyzed. Choosing

a good design value for specific heat is a significant factor when sizing

3000 psig accumulators such as those used in hydraulic start systems for

engine start and auxiliary power systems. It will be even more important

"for sizing accumulators in high pressure (8000 psig) systems.
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SECTION VI

STEADY STATE VERIFICATION TESTS

The essential components test plan originally contained a large variety

of componant types and sizes that were typical in aircraft hydraulic systems.

Testing and modQl development of these elements was considered necessary

before any meaningful pump/system verification could occur. Steady state

tests were generally required on each test specimen. At least one specimen

in each basic component group was tested to determine if further steady state

tests were required. It was determined that the basic steady state data on

line, unions, fittings, etc. were not necessary for proper model verification

of the higher priority test specimens. Consequently the test plan was modi-

fied to define the minimum number of essential components types and sizes

necessary to permit accurate modelings of all similar system essential com-

ponents. Steady state test results for the essential test conditions are pre-

sented along with results from the supplemental test plan series. The steady

state pump test results are also included.

1. ESSENTIAL COMPONENT TEST DATA

Table 22 contains a listing of the steady state data taken for the essen-

tial component test series. Figure 418 is a graph of flow vs AP for a 30 ft

1/4" x .020" stainless steel tube at 125 0 F. At 10 CIS the measured pressure

drop is about 235 psi. The Reynolds number for this condition may be computed

as

RE = _Q_ (I)
vd

where

V= Fluid viscosity (in 2 isec)

d = Line I.D. (in)

Q = Flow rate (in3/sec)

at 125 0F
10

RE 10= 2400
(.0198)(.21)

Assuming a 1200 Reynolds transition point the flow is turbulent. The

computed pressure drop in the line can then be found using the Darcy-Weisbach

equation with a turbulent friction factor (f = .316/RE 25)

.25 Q1.75

AP = .241 p (2)
d4.7521
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TABIIIE 22

ESSaYTIAL COMPONENT STEADY STATE TESTS
Teat Temperature Figure

§.. (Del F) Eumb a..)

30 Ft, 1/4" x .020 125, 210 418, 419
304 S.S. Tube

30 Ft, 1/2" x .028 125, 210 420, 421
304 S.S. Tube

6 Ft, 1/2"1 x .028 210 422
304 S.S. Straight Tube

6 Ft, 1/2" x .023 210 423
304 S.S. Tube
with .5* Bend

6 Ft, 1/2" x .028 125 424
304 S.S. Tube
with 90' Bend

6 Ft.. 1/2" x .028 125 425
304 S.S. Tube
with Two 90' Bends

AN815-8J 125. 210 426, 427
Union Drilled DU7
To - .444" I.D.

AN821-SJ 210 428
900 Elbow

7M43-8D 125, 210 429, 430
Nipple
AN824-8J 125 431
Tee on the Side

AN824-8J 125, 210 A32, 433
Tee on the Run

ST7M229T8 125, 210 434, 435
Dyna tube Nipple

ST7M203T8 Dynatube 125, 210 436, 437
90' Elbow

PF4 PC Filter 125 438
Housing (AC-900-6101)

F4 FC Filter.vith Element 125 439

Victor Solenoid Valve 125 440
SV305-9053

substituting the appropriate conditions at 1250

lb/sec
2

p = .814 E-4 4
in

v' = .0198 in-/sec (Viscosity)

'"= 350 in

Q = 10 in 3/sec

d = .21 in

AP = 246 psi

The pressure drop is 11 psi higher than the measured data giving an error

of about 5% in the measurement. The same sperimen at 210 0 F is shown in

Figure 419.
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Flow vs. pressure drop for a 1/2" dia x .028 S.S. 30' tube is shown in

Figures 420 and 421 respectively. The anamoly between 27 and 33 CIS results

from mechanical vibration in the line system. The turbine flowmeter used in

the test circuit was not loaded adequately to reject these mechanical signals

generated between 27 and 33 CIS. Projecting a line through the data as shown

in Figure 420 and 421 gives a good indication of the flow pressure drop char-

acteristics of the line through this flow region. At 30 CIS in Figure 420

the computed AP sing equation (2) is 48 psi. This compares to a projected

measured value tf 44 PSI.

At 5 CIS /nd 125'F the Reynolds number is

I/Re 567
(.0198)(.444)

Using the Darcy-Weisbach formulation with a laminar flow friction factor

(f = 64/Re) results in Equation (3).

Ap = 28pIQ (3)

7r d 4

Substituting the condition at 1250 into equation (3) yields

128(.0198)(.814E-4)(360)(5) - 3.04 psi

7r (.444)4

From Figure 420 at 5 CIS the AP was measured to be 4 psi.

Fisures 422 through 425 contain test data for a 6 foot tube with various

number of bends.

The straight tube in Figure 422 gives a AP of 5 psi at 25 CIS. At the

same temperature and flow in Figure 423 the AP is 6.2 psi. The data in

Figures 424 and 425 appear to be in error because at 25 CIS the pressure drop

is higher in the tube with one ninety degree bend than the tube with two

ninety degree bends.

Figures 426 through 437 contain steady state pressure drops versus flows

for various simple hydraulic components.
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The laminar and turbulent flow coefficients for the filter were deter-

mined experimentally from flow-pressure drop data. The data taken using

MIL-H-5606B hydraulic oil at 1250 and an inlet pressure of 3000 PSI resulted

in the graphs of Figures 438 and 439. Figure 438 contains the steady state

flow vs pressure drop data for the F-4 PC Filter Housing, and Figure 439

contains the data for the same component with a filter element. The coeffi-

cients were determined at 125°F and corrected to 100'F.

A value of 12 CIS was assumed to determine the laminar flow constant for

the filter housing in Fugure 438. At 12 CIS the AP is approximately 6 PSI.

The constant for laminar flow is determined from the relation

A P = KQ (4)

where A P = 6 PSI

Q = 12 CTS

Thus K in the above equation is .5 at 125*F. The HYTRAN program speci-

fies that K be determined at 100=F and 3000 PSI. Since the test was per-

formed at 125*F, the K coefficient must be corrected. This may easily be

accomplished by a direct ratio of viscosities and densities at the appropri-

ate temperatures as given below:

(Viscosity) 100(Density)100
K K (5) 1010
100 (Viscosity) 1 2 5 (Density) 1 2 5  125 (5)

Where the subscrips denote the temperature in degrees F.

Substituting into equation (5)

(.028in 2  (8.2E lb-sec2

K(laminar) - sec -- (.5)
100 inlb-sec0 (2 01 ) (8.1E-

sec in4

K(laminr) = 7

100

The turbulent coefficient was determined by equation 6.

AP = K Q2  (6)

where
Q = 30 CIS

A P = 32 PSI from Figure 439.
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Thu6 K at 125*F for turbulent flow is 0.025. Again using equation (5)

except that viscosity must now be raised to the .25 power, the turbulent

constant at 100 degrees is

(turbulent) _ (.028) 25(8.2E-5) (.035) (7)
1 •i00 (.0201) 25(8.14E-5)

where K(turbulent) = 0.038
100

Table 23 is a listing of the laminar and turbulent flow constants for

the computer input data. The losses were divided between the inlet and out-

let conditions. From Figure 438 the transition flow is 14.28 CIS. The

plotted points were determined by substituting Q into the turbulent flow
2

equation AP = .035Q . This square law relationship follows closely the

measured data.

TABLE 23

LAMINAR AND TURBULENT FLOW
COEFFICIENTS FOR AC-900-61 OIL FILTER

WITHOUT AN ELEMENT

Inlet-Outlet Inlet-Outlet

Total Losses Losses Losses Temperature

Laminar Turbulent Laminar Turbulent cF

.5 .035 125

.7 .038 .35 .019 100

The element constant was found by subtracting the AP vs. flow curve of

the filter with an element from the AP vs flow curve of the filter housing.

The resultant values were plotted and a line was drawn through them on Figure

439 below the AP vs. flow curve. This line is the element pressure drop vs.

flow curve and it is approximately a straight line. The slopes of this line

gives the element constant, which is 0.7272 at 125 0 F. Correcting this element

,-constant to a temperature of 100 degrees requires the use of equation (5)
K (Element) - (.028)(8.2E-5) (.7272)
K1 0 0  (.0201)(8.14E-5)

where K 100(lement) = 1.0210(
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2. SUPPLEMENTAl. COMPONENT TEST DATA

Steady state data was recorded for the following components: MCAIR

miniature check valve, F-15 compensated check valve, teflon hoses (1/4 and

5/8 diameters), one-way restrictor, single orifice and stacked disc type

orifices.

Figures 441 and 442 are the steady state flow vs. pressure drop curves

for the MCAIR miniature check vitive and F-15 compensated check valve

respectively.

A set up was made to measure the change in volume due to pressure for a

hose and oil system. The test configuration is shown in Figure 443.
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After attaching the test specimen and removing all the air from the system,

it was pumped to about 3500 psi. A value was measured on the buret, then

the pressure was lowered by opening the hand valve allowing the fluid to go

into the buret, and another reading was made. The temperature at each

pressure was allowed to stabilize to 75'F for both tests. The procedure

was repeated with a flat plug inserted into the union to obtain the tare

volumes plotted in Figure 444. These values were subtracted from the hose

data and the results are tabulated in Table 24 for a 5/8" and 1/4" steel

braided hose.

FTABLE 24

"MEASURED) VOLUM-IE CHANGE (AV) FOR 5/8" AND 1/4"
FLEXIBLE HOSES

5/8' RO0SE P/N 730900-10-0240 1/4'" HOSE P/N 730900-4-02140

jP (PSIG) v(CC) P (PSI(;) V(CC)
5i18 0.705 560 .1135

ii000 1 .085 o1000 .235
I 300 1 . 540 1500 350
21 lS 2.160 2000 .460
2580 2).545 2500 .565
1000 2.885 3000 .672ý
17 V) 3. 180 3600 .775
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The volumes of the 5/8" and I/A" hoses were 90cc and 10.5cc respectively.

An effective isothermal tangent bulk modulus of the Lose/oil system can be

determined from the data in Table 24. This was done by drawing a tangent

line to the data curve at the pressure point of interest. For the 1/4" hose

in Figure 445 the tangent line was constructed at 3000 psig. The effective

bulk modulus was determined from the following equation:

BULK = (8)
e AV/V

where AP = change in pressure = 3000 psi

V = volume of hose = 10.5cc

AV = change in volume = .54cc

BULK = equivalent bulk modulus of the hose and. fluid = 58333 psie

The effective bulk modulus is obtained by summing the reciprocals of the hose

and oil bulk moduli.

- + (9)
BULKe BUL(ose BULKoil

Thus the bulk modulus of the hose is:
BLK e BULKoil

'Uhose = BULKOi - BULK (10)
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The value for the isothermal tangent bulk modulus of oil (MIL-H-5606B)

at 75°F and 0 psig is 187551 psi. This BULK was then corrected to the
oil

steady state operating pressure.

BULKpress = BULK0 + 12 * PRESS (11)

where BULK = isothermal tangent bulk modulus
press

at pressure (3000) = 223551 psi

BULK0 = isothermal tangent bulk modulus at 0 psig = 187551 psi

The factor 12 is based on a bulk modulus versus pressure plot and is considered

a good value for pressures up to 3000 or 4000 psig.

Substituting the appropriate values into equation (10), the hose isothermal

tangent bhlk modulus at 750 and 3000 psi is 78928 psi. This value was used as

the 1/4" hose bulk modulus in the HYTRAN program.

The 5/8" hose dat;, points from Table 24 are plotted in Figure 446. A

tangent line was drawn at the 3000 psi pressure point. Fron Equation (8)
3000BULK = = 120536 psi

e 224/90
substituting into equation (3)

BULK,,.,, j(120536)(223551) = 261572 psi
U hIus 223551-120536

at 3000 psi and 75°F.

A steady state flow - AP test was made on the 1/4" flexible hose. The

results ace shown in Figure 447.
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The steady state pressure drop versus flow for both the free flow and

restricted flow directions were measured for a C'2rnair one-way restiictor.

The results are plotted in Figures 448 and 449.

Steady state pressure drop versus flwo data were taken for both the Lee

Jet and the Visco Jet. The results are shown in Table 25 and the normalized

points at 100'F are plotted in Figures 450 and 451. A square law relationship

is plotted in Figure 450 through the points from the formula AP = KQ2 where

K was determined from the data in Table 25 at 100*F. For the Visco Jet in
2.3

Figure 451 the equation was AP = KQ The K factor was determined from the

data in Table 25 at 500 PSI pressure and .256 CIS flow.

The determination of the coefficient of discharge for the Lee Jet was

made using the standard orifice equation:

C Q (12)
d A4AP\1/2

where rP
Cd = discharge coefficient

Q = flow (CIS)

A = orifice area (in )

"AP = pressure drop (psi) 2
lbs-sec

p = mass density in4

in
The orifice diameter was measured to be .00945" giving an area of 7.0138

-5. 2
x 10 in .

The flow Q was normalized to 100*F at 1500 PSI mean pressure through the

following equation: RHOTEMP

Q1 0 0 = Qtemp RHO100 1/2 (13)

where

Q100 = Flow at 100°F (CIS)

QTemp = Flow at temperature (CIS•

RHO = Density at 100 0F lbs-sec
100 n 4in?

lbs-sec-
RHO Density at Temp

Temp in

The density was corrected to 1500 PSI niqan pressure by using the expression
Press lbs-sec"

RH RHO (I + Prs b-e'(14)
Temp Temp 3250,000 in 4

where 250,000 PSI is an average sealant bulk modulus at operating conditions for

MIL-H-5606B hydraulic fluid.

The average discharge coefficient calculated from the seven pressure andi

flow values for the Lee Jet was approximately 0.9. The discharge coefficient

is relatively lLirge because the Lee Jet is not a true sharp edge orifice.
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TABLE 25

LEE JET AND V1SCO JET FLOW-PRESSURE DROP DATA

Lee Jet (.009 Dia)
JETA 1875850D

FLOW
(CIS) Cd

AP FLOW 100OF&1500PSI TEMP DISCHARGE

(psi) (CIS) MEAN PRESSURE (OF) COEFFICIENT

500 .2135 .2137 95.0 .8697

504 .216 .2167 96.25 .8792

1000 .325 .325 97.5 .9361

1.450 .3864 .3866 98.75 .9242

2000 .4475 .4475 100.0 .9114

2500 .480 .4796 102.5 .8738

3000 .541 .5401 105,0 .8982

Lee Visco Jet (,031 Dia)
VDLA 6810880D

FLOW
(CIS)

AP FLOW 100 0 F & 1500PSI TEMP
(psi) (CIS) MEAN PRESSURE (OF)

500 .255 .256 90.0

"1000 .344 .345 90.0

1500 .412 .413 90.0

1000 .471 .472 95.0

2500 .510 .510 100.0

3000 .554 .553 105.0
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3. STEADY STATE TESTING WITH THE F-15 INSTRUMENTED PUMP

!he instrumented pump testing was accomplished with MIL-H-83282 and

MIL-H-5606B hydraulic fluids. Steady state testing with both fluids yielded

significantly different heat rejectiot. and case drain flow characteristics.

The Newtonian MIL-H-83282 vs. non-Newtonian MIL-H-5606B viscosity characteristics

of the two fluids may account for the differences measured.

The effect of shear on Newtonian and non-Newtonian fluids is discussed in

the following excerpt from the book "Fluid Power Control" edited by Blackburn.

"2.33. Effect of Shear

For a Newtoni.n fl.id.., the. v.isc.osity is inrononAnt- nF H
shear, and many liquids are almost perfectly Newtonian. Many others,
however, are not, and among these are some of our most useful hydraulic
fluids, especially those which contain appreciable amounts of compounds
of high molecular weight. These compounds may be natural components
of the fluid, or they may be additives, especially the viscosity-index
improvers.

When a fluid of this type is subjected to shear, the effective
viscosity decreases with increasing rate of shear. This increase
appears to be instantaneously reversible for moderate shear rates
and for most fluids. As the shear rate increases, however, the
viscosity change also increases, and persists for a time after the
flow ceases. At extremely high rates of shear the decrease of viscosity
may be as much as 40 per cent, and part of this decrease is permanent.

One plausible explanation of these effects is that these three types
of viscosity decrease are due respectively to increasing orientation of
elongated molecules parallel to the flow lines, to uncoiling and orienta-
tion of coiled large molecules, and to actual fracturing of large molecules,
accompanied by oxidation and other chemical reactions. This last explanation
is supported by the fact that for some oils anti-oxidants help to increase
the shear stability.

The rate of shear necessary to cause appreciable changes in viscosity,
either transient or permanent, naturally varies with the liquid. Temporary
changes may occur with many commercial hydraulic fluids and with many types
of machines, such as positive-displacement pumps and motors, in piston or
high-speed-bearing clearances. The higher shear stresses necessary to
cause permanent viscosity changes are ordinarily attained only under
conditions of extreme turbulence, as in throttling valves and orifices
under high pressure drops. The effects are greater for oils containing
high-polymer thickeners; this should be kept in mind when making detailed
analyses of viscous-flow phenomena for such oils. The effective viscosities
may be very different from those measured at low rates of shear in conventional
viscometers.
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The considerable changes in effective viscosity produced by shear,
as well as by changes in temperature and pressure, the variability in
the properties of commercial fluids as received by the user, and the
effects of aging and contamination, suggest that there is really little
point in trying to predict viscosity (or other properties) with high
accuracy. This is true from a purely empirical standpoint, but there are two
arguments against this point of view. One is that eventually we shall know
more about all of these effects, and this greater knowledge will permit
better control of the performance or our hydraulic systems.

The other argument is that the constant improvement in the fluids
themselves, and still more in the quality of maintenance of the average
hydraulic system, will greatly decrease the variability of the fluid
properties. In any given case it is necessary for the engineer to decide
for himself how much importance he must attach to the considerations that
have been outlined here."

a. Comparison - Heat Rejection Characteristics - The data recorded during

the verification program is presented in the following tables:

TABLE 26 - POWER LOSS COMPARISON

(OUTLET FLOW = 7.7 CIS COMPENSATOR SETTING - 2940 PSIG)

PUMP SPEED INLET TEMP (OF) POWER LOSS (HP)
(RPM) MIL-H-5006B MIL-H-83282 MIL-H-5606B MIL-H-83282 % INCREASE

3000 202 205 3.50 4.47 27.7%

3500 202 205 3.98 4.94 24.1%

4000 202 205 4.26 5.50 29.1%

4500 202 205 4.79 6.25 30.5%

The results in Table 26 show a 24.7% to 30.5% increase in heat

rejection for MIL-H-83282 vs. MIL-H-5606B for the 3000 to 4500 rpm speed.

The heat rejection at 4500 rpm was approximately 203 BTU/min. for 5606B vs.

265 BTU/min. for 83282.

TABLE 27 - POWER LOSS AT ZERO OUTLET

FLOW - MIL-H-83282 POWER LOSS (HP)

PUMP SPEED (RPM) INLET = 88OF INLET = 1150F INLET = 200°F

1000 1.34 1.85 3.41

1500 1.71 2.09 3.76

2000 2.22 2.47 3.81

2500 2.74 2.77 3.84

3000 3.09 3.28 3.90

3500 3.66 3.77 4.44

4000 4.38 4.31 4.95

4500 4.99 4.99 5.35

5000 5.63 5.63 6.34
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Table 27 presents the power loss with MIL-H-83282 at zero outlet

flow for three inlet temperatures and speeds ranging from 1000 to 5000 rpm.

The heat rejection at the 200OF inlet temperature was compared for the 3000

to 4500 rpm speed range for the zero outlet flow vs. the 7.7 cis outlet

flow condition. The heat rejection for the 7.7 cis outlet flow condition

ranged from 10 to 14.4% higher than for the identical zero outlet flow

condition.

b. Comparison - Case Drain Flow Characteristics - The case drain pressure vs.

flow characteristics of the F-15 pump with the two fluids are significantly

different. The test setup provided for minimum case drain back pressure, no

more than 5 psi at full flow. A manual valve was then used to gradually

restrict case drain flow. Figures 452, 453, 454, and 455 show two lines

resulting from first gradually closing the valve to complete case drain flow

Shutoff, then a gradual opening of the valve until it was completely open.

200.

r ; I I
.. . .. ....... .

II. : - ; . . , - - - -: - - - .. . . ..f• .. . . .

.. . j.. .. : . . . . .

04

... .... .I L . I / , , I , . . ;..

0CASE DRAIN FLOW (CIS) 3.85

FIGURE 452. F-15 HYDRAULIC PUMP RUN E 7.7 CIS 910F, MIL-H-5606B 4000 RPM
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The second significant difference was the pump response to increasing

case flow restriction. With MIL-H-83282 fluid the increase in pressure with

decrease in flow was linear and stable. With the MIL-H-5606B the characteristic

curve was very non-linear and there are indications of an instability. The

instability and non-linearity may be a function of the increased pressure

differentials in the pump adversely affected pump dynamic stability. Since

the pressure increases with MIL-H-83282 fluid at restricted flows are relatively

much lower it is likely this unstable condition caused by pressur.e was not

reached.

c. Conclusions - The difference in case drain flow vs. pressure characteristics

and heat rejection performance between MIL-H-5606B and MIL-H-83282 fluids is

significant. The diff.ercnces may be due to the non-Newtonian vs. Newtonian

characteristics of the two fluids. Additional analysis and testing is

required to confirm the assumption.

4. STEADY STATE TWO-PUMP SYSTEM VERIFICATION

The two-pump system simulated by HYTRAN in Section V Paragraph 14 was used

as the basic system to verify the SSFAN Program. A simplified diagram of the

parallel pump test setup is shown in Figure 394. The steady state test data

was taken from run number 69-07-XX, a turn-off transient at 130'F. Both pump

compensators were set for an identical outlet pressure. The drive speed for

each unit was approximately 3600 RPM. The pumps were operating in a master-

slave relationship, with the number one pump providing the flow. The steady

state flow rate was established by a load restrictor downstream of the control

valve. None of the emergency relief lines for the pressure and case drain

lines were modeled in the simulation. The F-15 instrumented pump was the

number two or slave pump in the test run.

a. Computer Simulation of the Two-Pump System - A schematic diagram

of the SSFAN computer program representation of the two-pump system is

shown in Figure 456. The F-15 utility filter manifold is simulated by two

type 3 check valves and two special components and one inline filter. The

special components provided the flow pressure drop characteristics for the

two flow paths in the filter manifold. The control valve is a type 36

two-way-two-position valve, as is the thermal relief valve on the heat

exchanger between junction numbers 200 and 205. For the computer run, the

thermal v,1.'e was closed. The return filtration system modeled the actual

test setup. There were four parallel inline filters with 10 micron elements.
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SSFAN does not have a single line constant pressure reservoir. Instead a

type 92 constant pressure reservoir was used with an extra leg that contained

a 500 psi rellef valve. Generally all the tube sizes and lengths represent

the actual hardware. A type 23 reducer was included in the simulation in

the case drain circuit of the number two pump. This was done to try to include

as many of the SSFAN component models as possible in the verification run.

(Thc location of the pressure instrumentation is shown in Figure 456).

Some modifications were made to the SSFAN program in order to simulate

the parallel pump system.
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The SSFAN pump model fixes the outlet pressure for each iteration. For

master-slave operation, the master pump fixed the outlet flow while the slave

pump fixed the outlet pressure as boundary conditions. The pump subroutine

updaced the outlet flow and pressure as the iteration proceeded.

Currently the pump model only fixes the outlet pressure. It is not

capable of recognizing a master-slave relationship and adjusting the

appropriate pump outlet parameter, however if the programmer is aware of this

condition the actual changes to the pump subroutines are simple to make.

Figures 457 and 458 present some of the input data used in the simulation.

The results of the computer run are shown in Figures 459, 460, and 461. Figure

459 is a type two output that gives the flows and pressure drops in all the

legs of the two pump system. Some legs have negative flows, which correspond

to flow in the opposite direction to the way the leg was assembled. All the

junction pressures are listed in Figure 460 which is a type three output. The

pump and reservoir data in Figure 461 is a type four SSFAN output. Actuator

information would have also been included in this output if there had been an

actuator in the system.

SS SS SS FFFFFFFF AAAAA NN NNSSSSSS SsSSSS FFFFFFFF AAAAAAA NNN 1NN
is ss FF AA AA NrNNN NN
S%;SSS SSSSSS FFFFF AAAAAAA Wri NN NN

SSSS.S SSSSSS FFFF AAAAAAA NrN NN NNSS 5S F A• l.A N•. NWN•,SS AA kA NN •'NN
SSSSSSS SqSSSs FF AA AA NN tNN

SSSSS SSSSS FF AA AA NN N

STEADY STATE FLOw ANALYSIS

00*0 SSFAN PARALLEL PUMP TEST FOP 2 F-15 HYDRAULIC PUMPS AND UTILITY MANIFOLD *l

FLUID TYPE = mIL-H-B3282

FLUID VISCOSITy AT ATM PRESSURE 3 90860 CENTISTCKES

FLUID DENSITY AT ATM PRESSURE 5 2*0I1176 LRS PER CU FT

TEMPERATURE x 130.00 DEG F

ALTITUUE * 0.00 FT

AIHIENT PRESSUNE I W?0 PSI

FIGURE 457. TYPE 1 SSFAN OUTPUT TITLE PAGE
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*000 SSFAN PARALLEL PUMP TEST FOR I r.IS IMY1PAVLIC PUMPS AND UTILITY MANIFOLD *0

CH4ECK VALVE AOIOAY-yYPE 3 *....

JCTI .JCT2 ShIEa S~IZ2 CRACKING P
AMU0,0 6500S 16.000 4.000

sI.00 51.00 
1

iO 1000 160S8 0 .000

**0* PUMP AWRAY.I'VPE 5 
*000

JCTIS JCT2P JCT3CO SiZEI SIZER SIZE3 RPM APPM RATED 0 PI Pz PS4IN "COP RCDI. PSIE

6.00599.0 460 *00 000 700 300100070.00 '2.00 100.00 f 6 09

...• FILTER ARRAY-TYPE 6 .**'

JCTI JCT2 S!ZEI SIZE? FLUID VOL RF ELEM ROP ELEM RVIS ELEM CONTAM F RELIEF OP aYPASS OP-Rf

?.0s0 0 .0 0.00, 10.000 A.b• 1.00 0 o0 .00 0.000
9:0 03,0 (1ooo ';0O0

29000 •q150. ,0 0 F2nO •O~s lo.oeO .boo 14.4300 OA• •*o00

IT,000 75.000 12.000 s ,2000 n 0.00, 10.0 00 l.,O00 0.000 (.000 0 .no
S9.000 .0000 6.000 .0,000 12.816 104:0 0 3b.0000 14.600 0,000 0.000 0.000

0-0RLEED AIR PRESSURIZED RESERVOIR ARRAY-TYPE 92 ...o

JCTI JCTZ SIZE1 SIZE2 PRESS

62S.000 420.000 12.000 12.000 S1.000

SPECIAL ARRAY-TYPE 10

JCTI JCT2 SIEI SIZE2 VISC NPTS OPI DP2 OP3 OP4 OPS OP6 01 02 03 04 0s 06

01: 611: 16*S8 00 1t:SS 3:0 000 5,4! 5 696 :800 N s 30 030 10.00 NS .O0 :S 0 0 O SO

FIGURE 458. TYPE 1 SSFAN OUTPUT

0-!!Am P40ALLEL 09MP TtSTFO Z0. F-10 HYJR~AJLIC PIJm.'5 &ND~ JTILITY MlANIFGLO) 00

LOG FOWLCC :) D. OUPO

JUNCTIlN NUM,,tk$ PRFS$u.k OPOP FLOW
AT L., tNUS (P11(.l t 6p R

15.a 55. 73,•6 44.67

tl0k.- 542. 23.~. 44 2.93

59.- L I t. 5 3. At 47.60

120.- 10.0. ý4.39 4.7.60
170.- 19u. 451,4ý 47.5?

195.- 2... *. .02

20(5- 210. 50.4 .02

215.- 245. ?7.b4 47.60

315.- 320.. 11.73 01 .04

325.- 330. 4.04 16.97

155.- 360. .- *.L 14.92

200.- 293. b.51 7.03

240.- 240. 0.51 8.67

3WO.- 305. 11.77 15.71

310.- J0>. ý.65 -32.89

370.- 375. 4.2Z 48.59

35- 3. 9.21 -17.97

54b.- 00. 3.7? -1,0u

542,- 525. .75 -. 57

4Lf.-420. ,00 -. O00

430.- 4?5, ,-t ,00

465, il)- . 6.69 45.10

It,.- 1 1C 21t. , 47.6k,

FIGURE 459. TYPE 2 SSFAN OUTPUT
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00$$ SIFAN PARALLEL fIUJP TEST FOR 2 F-1$ HVDRAULIC PUMPS AND UTILITY MANIFOLD s*

P•iSSUAE POINT DATA

BRANCH/tNO POINT JUNCTj PRTSSuNE
ELEMcNT Nfa4(PR10

PUMP 1i. 2873.62

£4.- 5y.- 522. 2603.50
PUMP "0(,. 3633.02
VLV 115. 2746.70

VLV 120. 579. 4
IEE 16s.- 195.- 170. !054.75
TEE 190.- 710.- 215. 103.35
VLV 200. 554.75

VLV 205. 9°.51
TEE 24!p.- 250.- 315. 75.51
TEE 320.- 355.- 32,. 63.78

TEE 2S5.- 290.- 260. 72.50
TEE 33M.- 335. 545. 58.84

Ti 360.- 350.- 365. 49.57
TEE 285.- 295.- 3CO. 65.99

TEE 305.- 370.- 31u. 55.22
CROSS 375.- 441.- 430.- 400. 51.00

TVE 550.- 542.- 552. 55.10
pump 5. 55.533
PCMp 525, 55.6 5
RESv 420, 51.00
RESV 425. 51.00
TEE 460.- 48G.- 465. 43.bl
PUMP 10. 37.iz
PUMP 495. 43.75

FIGURE 460. TYPE 3 SSFAN OUTPUT

nS FPAN PARALLEL u!-P ~T6w2FI y~ ii ~S 4 '1 iT I&L I TV Y .A r1, -OLa .*

PJMP ANO s.StvVU•n DATA

PU' RAESERVOIR
PRESSJi Pu4T CASE DWAIN Pjs( £sT|sN Po0Ty gbKtkRolq PlESSUAES .ESERvOI| FLOWS

PRESSURE P~fSII• I LQ, PA•SSLAE $Lia Pu fljn rLt'W Pw#SSUlE FLOW-Ih FLOW-OUT
PORl (P t.) I pI IP.b (.PM,) (?lu 1 (bM, EýsLO GP6 (1 S

4?: 5 44.61 55.53 -64 1 ~1 .1 llI. 1ut :03

FIGURE 461. TYPE 4 SSFAN OUTPUT
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Table 28 lists the comparison between the SSFAN simulation and the

measured test data. The computer results indicate good correlation with

the test data. However, the computed pump case pressures are about 25

psi lower than the measured data.

TABLE 28.

SSFAN TWO PUMP SYSTEM SIMULATION MEASURED VERSUS COMPUTED DATA
Parameter Location Measured Computed

P1* Pump #i Outlet 2880 2873

P2 Pump #2 Outlet 3030 3033

P3 Downstream of 2800 2800
Filter Manifold

P4 Filter Bowl 2820 2800

P5 Downstream of 2760 2746
30 Ft Tube

P6 Pump #1 Case Drain 80 55.53

P7 Pump #2 Case Drain 88 55.85

PS Suction Pressure at Tee 42 43.81

PC Pump #2 Actuator 750 -

PP Pump #2 Manifold 3040 3033

Q1 Downstream of Solenoid 47 47.6
Valve

Pump #i Case Drain Flow .55 .43

Q3 Pump #2 Case Drain Flow .5 .57

* MOTE: Pressures are in PSIG and flow in GPM

b. Conclusions - SSFAN simulation of the two pump test system correlated

well with the test data. Some modifications were made to the pump model

to handle the master-slave relationship. Although the changes had to be

made by the user, they were relatively minor.
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SECTION VII

THERMAL VERIFICATION TESTS

Thermal testing was performed on four elements and the F-15 iron bird

utility speed brake system. The components test were the F-15 instrumented

pump, a I" dia x 30' line, a simple restrictor, and a F-4 utility heat

exchanger. The test procedures, test bench set-up and computer verification

are discussed in the following sections.

1. THERMAL LINE MODEL VERIFICATION

The line transient thermal tests were run on a one inch O.D. stainless

steel tube approximately 380 inches long with eight thermocouples. Tl through

T8 were taped with asbestos to the exterior of the line as shown in Figure

462, Two pressure transducers, P1 and P2 were located at either line end to

record the upstream and downstream pressures for the computer simulation. An

increase in the temperature measurement error resulted because the thermocouples

were not welded to the line. Seven tests runs were made at various conditions,

as indicated in Table 29. The tests were run to show the cooling down

of the fluid and the amount of heat generation involved due to friction.

Only two basic flow rates were used, 10 cis and 38.5 cis while the pressures

remained constant and the inlet fluid temperatures, T] from the data, to the

system was varied to obtain the transient.

P2
TO RETURN SYSTEM

TI

52.625;

T7 T6 T5

0.555.375 - 1-p - 52.75 - ~ - 52-..

54 A 54.5 53.5

TIp 1  T2 T3 T4

F-15 INSTRUMENTED PUMP

FIGURE 462. THERMAL LINE TEST CONFIGURATION
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TABLE 29. THERMAL LINE TEST CONDITIONS

NONi*i 'I I' I I'2 FLOW AMBI ENT

-U,. IS 1. 1, CONDITION PRESSURE (PSI) PRISSURE (PSI) RATE (CIS) TEMPERATURE (*F)

76-0I-XX Steady State 3004 3001 33.5 80

78-02-XX Steady State 2996 2994 10 82

78-03-XX Steady State 3007 3004 38.5 82

76-04-XX Steady State 3006 3004 10 84

18-05-XX Temp. Rise 3004 3001 38.5 82

80-120'F

78-06-XX Temp. Rise 3004 3001 10 82

80-1200 F

78-07-XX Temp. Rise 3008 3005 38.5 85

80-120*F

XX - denotes recorded value

a. Computer Simulation with Line Test Data - The line was simulated in

HYTTHA by the Subroutine TLINEA. In the program the pump was simulated

by a constant pressure variable temperature component, TTEST91. At this

point, upstream of the line, the fluid temperature transient from the data,

TI, is input to the line. At the downstream point of the lines, the

program uses a constant pressure, constant temperature reservoir, TRSVR61.

The actual areas, distances, heat transfer coefficients, etc., needed

to be accurately measured for correct input in order to obtain an accurate

computer model simulation, are shown in Figure 463.

Figure 464 shows the input test data, Tl, (the solid line) that was

input to the program.

Figure 465 compares the simulation of the data at location T2, with the

temperature T2 data being the solid line. As shown the same computed

slope occurs as T1 but the data reaches a higher end value. In comparing

the T2 measured data with the input T1 data, a bad comparison is obtained.

T2 shows the fluid increasing at least 7-8 0 F in approximately 50 inches

of the line. This can't actually happen since there is no mechanism

in the line to accomplish the temperature rise. The computed T2 temperature

closely cesembles the T1 data as it should. The T2 thermocouple therefore

must be in error and the computed information looks correct.
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RUN NUMBER 78-05

THF 1104MAL rw&4sIrNT 0- 'A,!N•Sr 1S Fl- T,.o.o Tol T. z00.o00 SECONOS AT TIME INTFRVALS IF OEiT. .?0)00

wITH OUITPLT PnTTS PLrOTTE() At INTrFVALS OF * .ko000G SFCINDS

FLUUI DATA FnR r"P 4IL-H-5oOhR wITH A VAPOR PRESSUPE OF Z.0 PSI

I. IDI+ DATA

LINF NO. LFNGTH INTf*OJAL WALL EELTAX AMqVFNT STRUCTURE F ý Vf MaTfNAIL
n IA IHICJN'SS TEMP TM r

1 4.00.000o .P8,O .0U0 100.OC-C, 7q.0000 78.0000 44.0000 q

C0mpl. I NTFC.FP OATA 1 91 0 -1 1 0 0 0 0 0 0 0 0 0 0

Cr~lm pq ImTEGkP DATA 2 t1 I 1 0 0 0 0 0 0 0 0 0 0 0

RAFL DATA CA•fn o 1 .300•+04 .EOOOF+Oz .ROooFtOz 0. 0. 0. 0. C.

FIGURE 463. RUN 78-05 HYTTHA INPUT DATA

I I

t I
I TT Ti C~omputer OutputITTtt

! ~~TTLlv• Tl Test Data

I T

ITI

!o~oo TIT•

I , I

I TT

I

?S.0000 9---------------- ----------------------------------------------
a .Uoo '0.CC( On.bOO ).JO DAO.O00 a200.000
t.PAPm 5 ,rn-Pfn4ENI Tr moFQATUý InfOE(,.FI VS. TIlF ISFC.1 UPST.fAM OF LINE Nu!. 1
Os*00 TEST O* THERMAL TRANSIFNT POOGRA'M *044 ITITHERMI

FIGURE 464. 78-05-Ti INPUT TEST DATA
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[i~~- TTTett DaTtaTY

T I T

IV T
~~~~~ Tu)~ T r~r

TTT Compu~TerOtpt

TI

4.0 0.C(0 CO0• L?.000o 1t0.0,0 aOo.Oco

fISTo TF• I hIIF IlMALt I•ANSIENI P•flG•lA• * 4 (OTTHQIT

FIGURE 465. 78-05-T2 THERMAL TRNSIENT

Figures 466 and 467 show a comparison of the T7 location data temperature

(solid lines) and the computed temperatures (the T's) at that same simulated

location. Both the wall and fluid temperatures from the simulation (the T's)

show good comparison to the data. These two temperatures may be a little low

since the external ternperature in the test was 78 0F while the actual measured

value was 82 0F. The initial temperature is slightly above the input temperature

with no measurable friction incurred and lower external temperatures. This

seems to indicate a faulty thermocouple, making the data too high.

Reasonable results were obtained when considering the actual test

•, conditions and comparing the calcL'lated temperatures to input temperature.

SFor the next simulation, the computed input to HYTTHA is shown in Figure

468 with the test data in Figure 469.

Figures 470 and 471 compare the computer line simulation with the

data at location T2, with the temperature data T2 being the solid line in

each case. These two figures indicate that the wall and the fluid both

respond similar to the data but at a slower rate and a lower final
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temperature. Comparing the data in these two figures to the input data

in Figure 469 there is no way the data in the later two (Figures 470

and 471) could reach 233*F when the input data only reaches 228°F and the

external conditions are at 85*F (78°F in simulation). The error is in

the measurement of the data, because no physical mechanism in the line

can account for the 5'F temperature rise. The computer simulation is

modeling the temperatures correctly.

In Figures 472 and 473 of the computed temperatures react somewhat

slower and reach a lower final temperature than the measured data. The data

for the line shows an increase from 228°F at t = 0 to 233OF at 375

seconds and down again to 228°F at the end. Since the beginning

temperature is 228*F the final should be somewhat lower, nearer the

calculated values. The overall response of the calculated line temperature

values seem to be a good representation of the actual test conditions.

A----------------------------------------------------------------------------------------------------------------

* I
I I

7)a----------------- ------------------- -------------,------ --------- -------------- I
a C( .C.C(C -onu 120.000 16.0 Z00.000

(PP i i~rM~~ti

Ir ¶1 0 1V I i OP1 6 h*r r 4,G v. . I" , s 7, 1Nsfrpi&' OF LINE No. I

FIGURE 466. 78-05-T7 THERMAL TRANSIENT, WALL, TEMPERATURE
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FIGURE 467. 78-C5--T7 THERMAL TRANSIENT, FLUID TEMPERATURE

RUN NMIBILR 78-07

I, I. 1
9
AL I AN N'l1 .4 u S f I~ S f ti I'U.0 TI I- ý103.0OO StC]NOS AT TIME INIEIIVAL.S IfT )111. .:,(LO0G

Will4 JU 1 U I P JI N IS PtflnTI O £1 0 A T 1`1 VALS 1 I ".UO0000 SPCO)NDS

[LujIIJ DATA FUR PJ TAMIL-H-500tk WITH A VAPOR PRESSUOL OF 2.0, PSI

L I Ae I!

L ItoiN u . L (Ni, t INTIOINAL WALL Pt L !AX AloIt I SRUTR ~ ~ f AjIibIA TIICKNFSS TI's 1[ 14 PE

0 I pC . 0 (UL) 
T 
u . 00 0 0 7T. 0 0 0 1 84. U0 0 O

*ues INIL~tW BAIA I 'i 0 -1 1 0 0 0 0 0 0 I) 0 0 0

COs. IIIA~jIA 4 LI 1 o0 0 ; 0 0 0 0 0 0
A fA .L A I A C Ao R * Ir.t r t - 04 .A O U Lt 0 2 " co o 0 o, 0 . 0 . 0 . 0 . 0 .

FIGURE 468. RUN 78-07 HYTTHA INPUT DATA
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FIGURE 469. 78-07-Ti INPUT TEST DATA
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FIGURE 470. 78-07-T2 THERMAL TRANSIENT, WALL TEMPERATURE
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FIGURE 471. 78-07-T2 THERMAL TRANSIENT, FLUID TEMPERATURE
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FIGURE 472. 78-07-T7 THERMAL TRANSIENT, WALL TEMPERATURE
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FIGURE 473. 78-07-T2 THERMAL TRANSIENT, FLUID TEMPERATURE

b. Co-nclusions - The thermal line model adequately predicted the

temperature distribution in the tested line sections. Verification has

been accomplished for the data presented in this report. Test data

is not concurrently available to verify the line model over a wide

range of temperature conditions.

2. THERMAL RESTRICTOR MODEL VERIFICATION

The restrictor thermal tests were run on 1/2 inch lines with a .094 inch

diameter orifice restrictor between the two lines, as shown in Figure 474.

Eignt temperatures, TI through T8, and three pressures, P1 through P3, were

recorded during the tests and used for the computed simulation. The

temperatures were recorded using thermocouples that were welded then covered

with asbestos tape to their respective locations. Thermocouple No. T5 was

inserted into the restrictor body and covered with the tape, as shown in

Figures 474 and 475. The temperature transient was generated by cycling a

thermal relief valve to a heat exchanger in the return system. The pressure

source was the F-15 instrumented pump.
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FIGURE 474. RESTRiCTOR TEST CIRCUIT
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FIGURE 475. RESTRICTOR INSTRUMENTATION FOR THERMAL TESTS
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TABLE 30.

RESTRICTOR TEMPERATURE EFFECTS TE3T

RN FST I'PUMP RIESI"'RVO I R SYSTEM EXTERNAL IIIITIAL FLUID
v. ,:R t.NI. IN / _ I-_ Ilt iON I'KVS r PIWSSLUIIE FLOW TEMPEATU s TEPERATURES

,7-01-XX Stt-ady State 2950 50 38.5CIS 78*F 85*F
TI

o--02-XN Temp Transient 2950 50 38.5CIS 78"F 85*F
Amb 1 311

0
F

T!

S-0 -i-.X Tump Trans ient 2950 50 38.5CIS 76*F 84*F
,ijb 210oIF

T1

8.-O•-XX Temp Transient 2950 50 38.5CIS 76°F 84*F
Amb 130'F

57-01-XX Steady State 2900 110 36.5CIS 78F 85*F
T1

, -0o-xx Temp Transient 2900 110 36.5CIS 78*F 85*F
Amb 1330*F

'-0:-.Ž: Temp Transient 2850 60 36.5CIS 78*F 84OF
Amb 210)F
T1

- x: denotes measured data parameters

Table 30 contains an itemized account of the temperature, pressure and

flow conditions for each of the restrictor tests. The test conditions at

various steady state and warm up temperatures were established to look

at the temperature response of different line and restrictor locations.

The up and downstream pressure and flow rates were held between pressure

differentials of 2900 and 3800 psi and flow rates of 38.5 and 36.5 cis.

For the warm up tests the fluid temperature leaving the pump supplied the

thermal transient to the line and restrictor system. The initial fluid

temperatures started at atmospheric temperature.

a. Computer Simulation with Restrictor Test Data - The computer

simulation of the test runs were done with the HYTTHA restrictor

model, TREST41, and the line model (TLINEA). The upstream boundary

conditions were input via the component TTEST91. The downetream
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component was a constant pressure and temperature reservoir TRSVR61.

The computed input data to HYTTHA is shown in Figure 476 and 484

for two different simulations of the same data. The difference in the

two simulations were external temperatures, initial temperat :res,

the mass of the restrictor was lowered by .01 pounds and the ei:ternal

heat transfer coefficient was changed from .0075 to .0069 WATTS/IN2 -OF.

These were done to see what changes were most affecting the restrictor

walls. Temperature TI from the test data, in Figure 477, was used as

the transient input to the system with the system configuration data

in Figuce 476.

The upstream line wall and fluid temperatures from the program

very accurately simulate the actual T2 test data as shown in Figures

478, 479, 485 and 486. The computed wall temperatures are a little

lower than the data (I-2*F) while the fluid is right on the data, as

should be since in the test the thermocouples were insulated therefore

measuring the fluid temperature.

The restrictor walls had several thermocouples installed to

observe the temperature gradients in the walls. The computed program

treated the restrictor walls as isothermal, and closely resembling the

T5 location in the test the heat added to the fluid due to the pressure

drop across the orifice was added to the fluid at location T5. The

program adds it at location T4. So, as indicated in Figures 480 and

487, temperature T4 data is less than T5 calculated, as should be since

T4 is upstream of the generation and only sees the cooler fluid.

T4 heats up due to conduction back from T5, but at a slower rate than

does T5.

The T5 data also shows a final lower temperature than the calculated

temperatures at the same locations. The exterior heat transfer coefficient

could be to low to reduce the end temperature, and this can be seen by

comparing Figures 480 and 487. Figure 487 has a lower external temperature

and a high external heat transfer coefficient therefore reducing the end

calculited result.

In Figures 480, 481, 487 and 488 there is an initial lag for

the calculated wall temperature versus the data. This may be caused

from a high effective mass input, large external heat transfer coefficient

or even a low computed calculated internal heat transfer coefficient.

Figures 480 and 481 have a larger mass but smaller external heat transfer
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coefficient than does the runs in Figures 487 and 488 and the first

responds faster, Too large an external surface area could also cause

this initial lag, convecting to much heat too fast.

In Figures 480 and 487 temperature T6 is a downstream wall temperature

and follows that of T5 but a little lower since it is somewhat downstream

of the generation, and has lost some heat to the external atmosphere.

The downstream line wall and fluid temperatures, correspond very well

to the T8 data as shown in Figures 482, 483, 489 and 490. Not only does

this verify the lIne subroutine but also helps verify the restrictor model.

Since the downstream wall and fluid temperatures could not be correct

unless given the correct upstream boundary temperatures; the upstream

boundary conditions coming from the restrictor subroutine. So the fluid

existing from the restrictor must be nearly correct or the downstream

line fluid and wall calculations would differ from the data, which is not

the case.

The temperature ti 0 nsient in Figure 491 was used as the input for two

computer simulations.

*.. .. . IFST OFi THERMAL YWA'.SIfPT PkOGkAM *0000 (DUEST4II

TIE lsI oAL TUA4SI ENT PESPJNSr IS FROM T-0.O TO 5 00.0O10 SECONDS AT T1ME 14TFRVALS OF DELT. .00000

4d1TH n1ITPUT POIPITS PLOTTED AT INTERVALS OF 1 5.00000 SECONDS

ýLUID DATA I-OR FOR MIL-4-5606B WTTH A VAPOR PRVSSURE OF 2.0 PSI

LI 1 ATA
tLI NE NO. LENGTH INrTINAL WALL DELTAX A&MTF4T STRUCTURE FLUID MATERIAL

D- IA TIC•KNESS TEMP TEMP TEMP TYPE

1 72.0000 .4400 .0260 36.0000 fO.C50 E1.0000 80.0000 9

2 32.0000 .4 0eo .OZ6' 32.0000 F0.0000 eo.0000 81.0000 9

COM-a, 1 INIEGiP VATA 1 q1 0 -1 1 0 0 0 0 0 0 0 0 0 0

COMP4, 2 INTIGEW DATA 1 41 2 1 -z 0 0 C 0 0 0 0 0 0 0

RIAL !)ATA CARD a 1 .4000E#01 .4200E#00 .170CE CO .1500FO0l .4500f-01 .6930-02 .1000E101 .8C0,QcoZ

kRAL nATA (ARl' t .80COE-07 .7200E+02 .72O0E*C2 .6500E•00 .9400E-01 0. 0. 0.

CrMia. 3 IIJTECSF DATA 3 hi 1 2 0 0 0 0 0 0 0 0 0 0 0

REAL DATA CARD I I .1000F*03 .7AOOE#OZ .7`OO.+02 G. 0. 0. 0. 0.

3B.5 CIS - Steady State Flow Rate

FIGURE 476. RUN 86-06 HYTTHA INPUT DATA, 0.5 SEC. TIME STEP
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FIGURE 477. 87-06-TI INPUT TEST DATA

------------------------------------------------------------------------------------------

T2 Test Data
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T II
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q0.0000 
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FIGURE 47. 8-t2THRA TRANStENTtWAL TMEAU,0.SC.IESTE

-S,9 AoPY 3800.000 400.000 00.000

FIGURE 478. 86-06-T2 THERMAL TRANSIENT, WALL TEMPERATURE, 0.5 SEC. TIME STEP
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FIGURE 479. 86-06-T2 THERMAL TRANSIENT, FLUID TEMPERATURE, 0.5 SEC. TIME STEP
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FIGURE 480. 86 -06-T4 AND T5 THERMAL TRANSIENT, 0.5 SEC. TIME STEP
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FIGURE 481. 86-06-T5 AND T6 THERMAL TRANSIENT, 0.5 SEC. TIME STEP
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FIGURE 482. 86-06-T8 THERMAL TRANSIENT, WALL TEMPERAFURE, 0.5 SEC. TIME STEP
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FIGURE 483. 87-06-T8 THERMAL TRANSIENT, FLUID TEMPERATURE, 0.5 SEC. TIME STEP

*** ItA Jt f. InWt4. I,.At`SIW Pý ~L("AM . .. ) I~

It,' I HLOAAL IhA.01,N1 OtSPU.St I O tr'U O.,) T 1 200.000 00OtCJN AT I'O0i IOoORVALS OF 0tOO. .OLrU

t.I*T Uu] jl PLI IT PWrLt D Al kTtR.VALS T F . 2.C0010 R EtO'L0 .

ILuIO DATA FU.1 kJ. • IL-H-DvObA WITH A VAPOR PiESSUEt OF Z.C PSI

LINi t.di. LLNI.IH INTIkiAL ALtl DLLThX AMOIFT STRujtCikE PLUID lATIIAL
CIA IHILKNLS¶ TIPt 1E14 Tc' P TYPE

7z.11100 .4'NAO .JeNo .100 7l'..0c0 711.0000 72.00OA 'a

2 •d. c O .41.L. .OZ& 32.j0 00 rp.O ~OO 7L. 0.00 ?7.E000 0

CJ46"a. 1 INIGtA DATA 1 91 0 -1 A 1 9 0 0 0 0 0 0 0 0

CA"Ps, 2 I ItGFW lAIA 2 N E1 a 1 -2 0 0 0 0 0 0 0 0 0

'4EAL DATA LA.IA N I ..U(ot 01 .4,1 0EAI1 .11100 .I ?Iot -0 .I OOE.OI ý .45OL01 rcvi-OZ .1030c .01 .7ALvt#E2

AIAL DAIA CAkiE 2 .7dLL O2 .0001lu? Ao)OOE.12 .blo1OO 00 .94001-01 0. 0. 0.

Cumos , o INlIGEI OATA 3 cl 1 2 0 0 0 0 0 0 0 0 0 0 C

At AL LIAYA CAAD 0 1 .1100E *0j *I164GE -. Z *7Iu. 0. C. 0. 0. 0.

FIGURE 484. RUN 86-06 HYTTHA INPUT DATA, 0.2 SECOND TIME STEP
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FIGURE 485. 87-06-T2 THERMAL TRANSIENT, WALL TEMPERATURE, 0.2 SEC. TIME STEP

---------------------------------------------------------------------------------------------I
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FIGURE 486. 86-06-T2 THERMAL TRANSIENT, FLUID TEMPERATURE, 0.2 SEC. TIME STEP
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FIGURE 489. 87-06-T8 THERMAL TRANSIENT, WALL TEMPERATURE, 0.2 SEC. TIME STEP
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FIGURE 490. 86-06-T8 THERMAL TRANSIENT, FLUID TEMPERATURE, 0.2 SEC. TIME STEP
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FIGURE 491. 87-07-Ti INPUT DATA

The difference in the two simulations (of the same test data), was that

the mass of the restrictor walls has been decreased from ~41 pounds to .387

pounds (to see if the wall temperature would respond faster) and the external

heat transfer coefficient was increased from .0075 to .018 WATTS/IN 2 -F

to try to lower the final temperature of the walls. The input data for

the computed simulations are shown in Figures 492 and 499.

The upstream line and fluid temperatures from the program very

accurately simulated the actual test data, T2, as shownm in Figures

493, 494 and 500. A raise in the external heat transfer coefficients can

lower the calculated temperatures including final temperature while increasing

the wall mass increases the reaction time and total temperature of the walls,

as seen when comparing Figures 495 to 501. Averaging the data temperatures,

T4, T5 and T6 will bring the data closer to the calculated values from the

program. The most accurate way to verify the restrictor model is to consider

the wall as being isothermal as in the HYTTHA restrictor model.

The calculated downstream line wall and fluid temperature hit the data

very accurately as shown in Figures 497, 498, 503 and 504 not only verifying
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the line subroutine, TLINEA, but also verifying the restrictor subroutine,

TREST41, since the upstream boundary condition for the line is the exit

restrictor fluid temperature, so for the line to be correct the restrictor

first must be correct.

Even though the restrictor wall does not respond as quickly as the

data, i:t finally reaches the correct end temperature.

I,. .( I -A:4%1\ I ,.j S : % I S". IXO 1 1 J l. ý,O .. Cj%'M A I 19 I LINT( RV.L~ UF 01 1 L ( .A UW

'1, UUIIFUT VUIN1. rtUT jI AT I 't .'VAL , Uf ,G Ojo SECOI,0S

ýL UIO uAI| rOk Fl. AIL-H-.b06.J .iTr. A VAPU-J PA SSUIPE OF 2.0 OSI

L " L CIAIA

LINE NO. LkNGtIN INTEO'NAt UALL fLLTAi A4 N l STrUCTURE FLUIU ,iqTAI1AL
L I A •rM • 1C..SS 7 i • 0 17E.M IP.0 10"

72.0.100 .4.4A. Debc ýC,.1.LOO 7FOC 7o).) 7ý'..L 1,0

3ý t.300 . '.iC, .OZ0 'O .000 ?'.Ojj 7c.0030 75.0000 9

CO•PII' A IN It ýEIt b A'A L 9 , -9 ( 0 J 0 1 0 0 0 0 0

Ci:r.. 2 INlL'EAtA 2 P a 1 -k 2 0 U 0 1) 0 0 0 0

ALAL GO.lA CARD 8 1 ,y)OOE.OI .j,41,.0iCO .1700t.vC ,Lt0IOW 01 .45C.L .. uLOt-flz .OD0t1*U1 .7eCut.02

PEAL 0AtI& CAKLI z .16,Ot.Cz .e•O1Otoz .FtOOt-1, .b1'O3EOU .%.40Q1-01 0. 3. 0.

C J,,P i, INIttfC )AI A 3 L.1 1 2 11 0 0 j Lo C 0 0 0 r'

RfAl. DATA CARD I I *boCn,. *1CbCL'5 .7FOk-02 0. A. 0. 0. 0.

FIGURE 492. RUN 87-07 HYTTHA INPUT DATA

------------------------------------------------------- --------- --------- ---------
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I AIII . ,L f% ,3t'.( .r..ýL C . o
......

(1 1, ' A

FIGURE 493. 87-07-T2 THERMAL TRANSIENT, WALL TEMPERATURE
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FIGURE 494. 87-07-T2 THERMAL TRANSIENT, FLUID TEM4PERATUJRE
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FIGURE 495. 87-07-T4 AN1D T5 THERMAL TRANSIENT
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FIGURE 496. 87-07-T5 AND T6 THERMAL TRANSIENT
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FICURE 497. 87-07-T7 THERMAL TRANSIENT, WALL TEMPERATURE
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FIGURE 498. 87-07-T8 THERMAL TRANSIENT, FLUID TEMPERATURE

*** IST JF 7I4Ix.qAL TýAýSI'PT pI').QAM I'-'- 19IFST41)

THE T*IIMAL TQANSIT7T rHp3NP IS FpnI T.C.o T -T. ,00.000 SFCLN(OS AT T12 INTERVALS (IF OFLT. .500oo

dITd 3)UTPUT O01NTS PLrTTFP AT INTERVALS IF . 5.oOO0 swe3Is

FLUID DATA FOR FrQ MIL-H-5606M WITH A VAPOR P•RSSU#E OF 2.0 pSi

t* I$F DATA
LINE NO. LNGIN INTFPNAL WALL DELTAX AM9I cT STRUCTIURE FLUID MATIIALDIA THICNNESS TFMP TEMP TE4P TYPE

7Z.0000 .4M'O .OtO 3'.OrGCC 79.OGOO 78. 003 75.0000 9
3?.000 .4480 .0260 32.0000 7.0000 711.0030 75.0OUO 9

Cfolps I 1NTFCFP DATA 1 91 0 -1 1 0 0 0 0 0 0 0 0 0 0

cnfmP# P INTFCEP ATA 2 '1 2 1 -2 G 0 0 0 0 0 0 0 0
REAL DATA CARD v 1 .9000.01 . 1 OI.£(, .1b0c FC0 .ISCGE.01 .450GE.01 .180fG-01 .o0OOEO+ .760OF4O?

*FAL DATA (ten I 2 .7CaI.02 MSOOf.C2 .50rff02 .6500oZ 0 .9400-O! 0. 0. 0,

CoAPm, I INTEGER DATA 3 61 1 z c 0 0 0 0 0 0 0 0 0 0
PEAL DATA CARD a I .5000FO 0? .7P OOF oz .7T0C 1*02 C. 0. 0. 0. 0.

FIGURE 499. RUN 87-07 HYTTHA INPUT DATA WITH A LARGER HEAT TRANSFER COEFFICIENT
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FIGURE 500. 87-07-T2 THERMAL TRANSIENT WITH A LARGER HEAT TRANSFER COEFFICIENT
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FIGURE 501. 87-07-T5 THERMAL TRANSIENT WITH A LARGER HEAT TRANSFER COEFFICIENT
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FIGURE 502. 87-07-T6 THEP14AL TRANSIENT WITH A LARGER HEAT TRANSFER COEFFICIENT
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FIGURE 503. 87-07-T8 THERMAL TRANSIENT, COMPONENf TEMPERATURE WITH A LARGER HEAT
TRANSFER COEFFICIENT
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FIGUE 54. 7-0-T8THERMAL TRANSIENT, WALL TEMPERATURE WITH A LARGER HEAT

TRANFERCOEFFICIENT

b. Conclusions - The restrictor model computer runs correlate well
with the test data measured in the laboratory. Some discrepancies exist
in this model as noted in paragraph a. The model does provide adequate
representation of the thermal effects of a simple restrictor in a line

system.

3. PUMP MODEL VERIFICATION

The pump thermal tests were run on the configuration shown in Figure
505. Table 31 contains a listing of all the teot conditions that were
recorded. The thermocouples on the test stand were taped to the line.
The drive torque, drive speed, pump pressures and flows were recorded

for all test conditions.
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S-flT.-08. PP. .

56 GPM

4 TUUANIN

i- O~o OPM ,CO3-0PI FA. -

RELIEF VALVE 6.2 .2i 
0LLEsoGP

1 • -1e9 LOAD VALVE -

F1 -13

T2' a --1

V TURN INEP.M O--
4F 0 PSI 0 P T TRANSIENT TEMSG INATURE

RELIEF VALVE I CONTROLLER

CONDITI-O FE4 T U12 L-12

SObe SPtalo um netTmertr

77-01r VAL.E 127~d Stat 3000

7-2 1 -12 S1 0

-10 -107S4 d Sae30

F4 PC 1 -23

-612385.1 2300

77-01 10 7-82, 1NI 3022

FAST CONTROL Not.: -X X deW"nftM k
0-100SIG VALVE RETUR2N LINEGAGE (NOT USED DURING THERqMO TESTI

FIGURE 505 PUMP THERMAL TRANSIENT TEST CONFIGURATION

TABLE 31

CONDITIONS FOR THERMAL TEST -F-15 PUMP
Run Steady Test ConditionDreSpe

um b er S t a t e F l o w " pI n e t T eD r ivra r

77-01 38.5 120*F-Steady State 3000

77-02 10 120*F-Ste8dy State 3000

77-03 38.5 210( F-Str ady State 3000
77-04 10 21OaF-Steady State 3000

77-05 10 973 121*F 3000
77-06 38.5 85-, 127'r 3003

77-07 38.5 80+ 218"r 3014

77-08 10 78-, 216*f 3022

77-09 38.5 91- 122'r 3000

(Start-up)

77-10 31 .5 92" 128'r 3508
(Start-up)

77-11 38.5 92- 119'F 3008
(Start-up)

77-12 38.5 92- 125'? 4501
(Start-up)

77-13 10 87.* 117*P 3000
(Star t-up)

77-14 10 93- l19*P 3500
(Start-up)

77-15 10 94,. 121'F 4000
(Start -up)



a. F-15 Instrumented Pump Test Data - Pump test data is presented for

thermal transients generated by shutting off the heat exchanger bypass

flow. Figures numbers 506, 507, 508, 509. 510 and 511 through 515 present

temperature data for two thermal transients at 10 and 38.5 CIS pump

outlet flow respectively. The pump compensator was set to 2940 psi

for both test runs.

Shown in Figures 516 through 520 and 521 through 525 are start-up

thermal. transients. The pump was started and the temperatures were monitored

until they reached a steady state condition.

b. Conclusions - No verification has been accomplished with the HYTTHA

program pump model. The pressure data taken for each test oscillated

and could not be used as boundary conditions in the simulation programs.

Figures 526 and 527 contain typical pressure data taken in the thermal tests.
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4. HEAT EXCHANGER MODE1 VERIFICATION

The heat exchanger transient thermal tests were run on the system configuration

shownm in Figure 528. Table 32 contains a list of test conditions.

a. Computer Siwulation with Heat Exchanger Test Data - The F-4 heat

exchanger was simulated in HYTTHA by THEX69. In the program the pressure

source was simulated by a constant pressure variable temperature component,

TTEST91. The program uses a constant pressure, constant temperature

reservoir, TRSVR61 as the downstream component. The actual areas,

distances, volumes, heat transfer coefficients, etc., are shown in

Figure 529.

A total of four runs were made at similar heat exchanger inlet

pressures and various flow rates. The upstream hydraulic fluid temperature

transient is the input to the system. In the tests the input cooling liquie,

kwater) was also varied, but in the THEX69 model the temperature of that.

liquid remained constant, at a representative value from the Ti temperature

data.
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FIGURE 528 F-4 HEAT EXCHANGER THERMAL TEST CONFIGURATION

TABLE 32

HEAT EXCHANGER THERMAL TEST CONDITIONS

RUN TEST RETUN FLUID M20 AMBIENT INITIAL SYSTRI
UMGE CNDITION PRESSURZ FLOW FLOW TD(PERATUUZ TIJ9ERATURES

79-OI-UX Steady State 47 10 CiS 11.03 GPM 79 80

79-02-UX Steady State 51 10 CIS 1.06 GPM 82 80

79-03-UX Temp Transient 60 10 Cis 0.0 GPM 75-78 80
80-210

79-04-XX Temp Transient 58.2 0 CIS 6.24 GPM 80 80,235
210-170
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***so tI%? OP TmIoomL TtAoShIsi Pst GSADT *eeos 0otHox0

TNT T4I4MAL 71i41019T tFSPONSf 13 P3010M 10.0 TO 1. 500.000 5FCONW• AT T3N• ITETRVALS OF DILT. .o0000

WITH 1VTPUT POINTS PLITTvI vo Ititm viLs OP * i.00000 5100405

FLUIO 0 01* POW P96 NIL-•-96000 WITH A VAPOR PIRISUI OFP 2.0 oIl

till R8!0  
LIMBIN IMIPENL WALL lINiAN *RPI T 5T6U I PLUTO #0*A16 AL

020 THICKNISS TTeP IVP1
k 36.0000 .4400 .0*00 16.0000 *0.0000 40.0000 0.0000 9
1 91.0000 .0140 .0260 01.0000 00.0000 00.0000 60.0000 1

CO¢ PO. I INTMG DAITA 1 91 0 -1 1 0 0 0 0 0 0 0 0 0 0

C0MON. o INTEGEP DATA 2 69 1 1 -2 0 0 a 0 0 0 0 0 0 0

DIAL OAT& C400 e 1 .9000e#01 0. .7?60C[01 .5700, *Ol .46651.04 .95001-01 .1009002 .17901.OOZ

DIAL 0ATA CAoD 6 2 .01009.02 .944001.2 .143*1.04 .9000F-02 . 900F-01 .T75M2-01 .10001-01 .96001#0*
DIAL DATA CAOD * 1 .*TV0F#0* .01001002 .0000#0*2 .00001#0* .000#02 .10001-01 0. .0 001*

COPPS, I T101 016DATA 1 61 1 2 0 0 0 0 0 0 0 0 0 0 0
t*AL DATA CARD a 1 .SO001.O#02 .700100 .7100* 0. 0. 0. 0. 0.

FIGURE 529 RUN 79-03 HYTTHA INPUT DATA

In run No. 79-03 temperature T3 in Figure 530 was used as the transient

input to the system. There was no cooling flow through the heat exchanger.

Figure 531 shows the existing fluid temperature. The predicted results

responds very accurately to the data with the only variation at 1000 seconds

with the two final temperatures differing by approximately 4 0 F. The calculated

temperatures are high to begin with and low at the end. This is because

the cooling liquid had an actual transient input from low to high and the

program used a representative constant value, of 75.8 0 F for obtaining

the result. Since there was very little cocling liquid flow this result

was small, as Figure 531 indicates.

Figure 532 shows a plot of the cooling liquid output. The test data

was recorded downstream where a large volume congregates while the calculated

temperature (the T's) is inside the exchanger. So these two graphs aren't

even at the same location. But looking at the calculated cooling liquid

graph and comparing it to the existing fluid, it appears very reasonable

answers. Since there is no liquid flow it should heat up considerably

which it does, but at a slower rate than the fluid since its heat transfer

coefficient with the pipes is very small. So this heating up transient

correlates with the test data. Internal heat transfer coefficients are tricky

and can be adjusted for closer results.

b. Conclusions - The heat exchanger was able to predict the test

results for the range of temperatures that were tested.
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5. F-15 SPEEDBRAKE THERMAL TESTS

The F-15 iron bird speedbrake test runs were made on the system configuration

shown in Figure 533. A listing of the test runs is contained in Table 33.

The utility system's oil was heated by cycling the system. The speedbrake

solenoid selector valve was then operated to cycle the speedbrake. The hydraulic

subsystem warmup characteristics from ambient temperature were measured. Data

was then recorded for opening, closing and reversal transients while operating

the speedbrake actuator with the solenoid selector valve.

a. Computer Simulation with Test Data - The HYTTHA computer program used

the system configuration data in Figure 534 and the test data in Figure 535.

The results of the simulation are shown in Figures 536, 537, 538 and 539.

Figure 536 corresponds to the T4 thermocouple location in Figure 533.

At 50 seconds the compute temperature is 10 degrees lower than the measured

results. A graph of the computed actuator wall temperature is shown in Figure

537. The measured data corresponding to this temperature is in Figure 540.

In the test data the actuator heats up 24°F above its initial temperature,

but the computed output shows a 16*F rise in temperature.
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The downstream thermocouple data which is Figure 541 for this retract

run shows a slight increase in temperature. The computer predicted

values in Figure 538 exhibit a completely different characteristic. The

computed temperature at the T5 location in Figure 539 also does not

correlate with the test data.

b. Conclusions - The test data on the speedbrake system does not correlate

with the HYTTHA program predicted results. Further work on the subroutines

must be done before adequate verification can be accomplished. The current

limitations in the oresent contract prohibit further work on the development

of these models.
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TABLE 33

THERMAL SPEEDBRAXE TESTS

RUlN AM(BIE.NT PUMP INLET
NUMBER TEST CONDITION TEMPERATURE ('F) TEMPERATURE OFp) VALVE POSITION

80-01 Actuator Retract 75 193 Hl-erc

80-02 Actuator Extend 7410Ho-Etd

80-03 Actuator Reversal 72 193 Hold-Retract-Extend

80-12 Actuator Rejereal 7019HodEtn-trt

TABLE 33 THERNAL SPEEOBRAKE TESTS

TFST UP ThRAAAL TftAN~liT PRf*erAA. .* 400-0-XXI-

IM~F THERMAL. IERh3IAAT RtSPOWS( 1% FaROM T0.o0 TO f- $0.000 SECONDS AT TIME 14ITEVALS Of VIL?. .0-4060

WHIH OUTPUT POINTS1 PLOTTED AT INTERVALS 0F . .50000 sfCoI4As

PLIA41 DATA FOR FOR M&-i.-50A0. WITH A VAPOR PRFSTIEFF nF 2.0 "If

LjINE DATA
L , o. IFkGTII MTWIrPHI AL IA DILTAX MWFM I1CTAfhtp~VIA Y., LNSTS IP LPC I t yfO hP

I b2.(o040 .5140 .02.10 26t.0000 MOW0 13.0000 104.0000 4

z 27.u~oo .N4.40 .02e0 27.0000 71.0000 75.0000 ?6.0000 9
3 4.OC4.o .4440 .0Z8o 27.0000 7A.0000 15.0000 04.0000 9

4 40.TO(, 4440N1 .00':0 27.:0000 76.6,000 76.000p 70.0000 4

5 7.0000 .140I .2 0 27.0000 75.OOco 75.0000 7SlCOOO q
1. 72.00CD 444(o .02@0 36.0000 75.0006, 75.0000 P61.0000 9

1 126.0000 .6740 .03V0 10.0fC00 75.0000 75.90000 80.0000 0
lUMP', A 1.%TLGI DATA I 'I1 0 -1 2 0 0 0 0 9 0 61 0 0 0
CUNpe. 2 INT&EGERDATA 2 22 A 1 -2 -6 5 6 0 0 ft 0 0 C

VIAL SA14 CARD, 1 1 .25040-07 .1250E.0l0 .8200F-01 .32O01.02 -.Z)Oot-O2 -.17'0(HO0 .83201-l.A Ml(if-ef
PkAL DATA CARD f a .23004-01 .D230at*N .62001-01 .32vCk.02 -d.f -32 .1zb01Hl.A .8310011l .32(08.02
HIAI. DATA CA0.. a 3 .90001.01 .30C00k01 .3Qf01.01j .4%GFCG L .1000-01~ V00116-02 .6906t-02 .1C00EH4.A
REAL. DATA CA.T' 11 41 .730k.0z .75000.07 .010001-02 .CAouo.0z .75001-01 0. 0. V.

REAL. DATA CARD A 3 fl. .610OO.01 WRk0-0.1 .1210F.02 Slott-CA.100.0 0. 0.
PiAL DATA CA&D 9 6 0. 0. -.10610*00 -. 1883*#00 0. 0. f. 0.

COMPI. 3 INTEGER DATA 3 4.1 ? 2 -3 0 0 0 0 0 0 0 0 0 C
RIII .TATA CARD & I .90001.01 .5000t.00 .2200E#00 .16001#01 .6600t.01 .861.0L02 .1000F#01 M.V3t.WZ
REAL. DATA CARD 0 i .7500E.02 .@b000.07 .8060ok02 .4500t.00 .1131?Wo 0. 0. 0.

c0888. 4 kIE~AaTE DATA 4 102 4 3 -4 0 0 0 0 0 A 0 0 0 0
01*1 DATA CA.'D 9 1 k00'. .2018. '0 .$liOI*0I .71006.01 .RC.0tok0 .90t0101lO .3400t.01 .80000-Ill
OfAl. DATA C#l, A1 a .3v000.03 .1300k.01 .A(.oOIEI 3 10.0 .60AO0400 .694,41-02 .80001-01 A08C
IAL. OATA (ADD a 3 .. ,00 .R0000E02 PFooot.02 .1OOOEEO0 .3412EA02 .50fi00E00 0. 0

REAL UAIh CARD 4 4 .1321.002 1. 0. 0. 0. 0. 0. 0.

COM.R, 11 IRTM1,Gk AT& . 1 2 4 -31 0 0 0 0 0 0 0 0 0 0
&RAL NART CARD A I 0.0.00F.A3 .400l(J.00 Zl~oor.oo .1600F*A1 .0l.CI*TW Aqvoi-oz .10%01461 I~thf.(z
RfAk. DATA CARD 6 ? .79001.0? .Fhot-oz0 .06601.9p .49001.00 Ip2pt-ov 0. ft. 0.
rnlOr, ft INT800P DATA 6 11 J, 6 -7 A 0 0 0 0 n 0 ft 0 0

11141 DATA Coon 0 '1 .OM.T .16C0F.-' .1006R.01 .20008.01 .110010-61 .5A001oofo ."em10.0 81011

VAlit "ATA CARD a 2 .711043.01 .1000C402 .0R'00F.010 0. 0. 0. 0. 0.
C()40#. 7 tht.T.e DATA 1 61 1 1, 0 0 0 0 0 0 4 0 0 A 0

NFAL. DATA CARD A I .1O00F.01 .900OFAOr .4000foof 0. 0. 0. 0. 0.

FIGURE 534 RUN 80-01 HYTTHA INPUT DATA
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SECTION VIII

DISCUSSIONS AND CONCLUSIONS

1. AHSPA PROGRAM PHILOSOPHY AND EMPHASIS

Since 1970 MCAIR has been actively involved in developing and verifying

effeccive computer programs for design and analysis of aircraft hydraulic

systems. The AFAPL funded program has enabled MCAIR to significantly improve

these programs and verify them through experimental tests. The resultant

computer technology has been made available to all interested users and in

addition all facets of the API program, including testing and verification

work, have been publicly presented and discussed during the contract period.

This open give-and-take of information has been good for the computer programs

because it provided a means by which the programs could be further verified by

the ei:perience of other users. The feedback from the varied backgrounas of

academic, industrial and government users has been seriously studied and imple-

mented wherever possible in the computer programs. MCAIR believes this rapport

was necessary to provide viable aad up-to-date computer programs that would be

utilized.

The dynamics of aircraft hydraulic ý;'stems are complex. The rapid changes

in flow demand, the influence of fluid friction, cavitation in return lines,

the response characteristics of pressure compensated pumps and servo units, are

all difficult to test and to analyze effect-ively using standard analytical

techniques. The INYTRAN program was developed to simulate many of those phenom-

ena. At the 3tart of the contract there was no verification of the HYTRAN sub-

routines because or the lack of suitably instrumented tests. HYTRAN was the

most complex of the progroms and thius received much of the APL program funds

2or its development and verification. Continual attention was given to compu-

tation techniques so as to minimize the potentially high running costs of the

transient program, while retaining useful but practical accuracy. MCAIR

believes that thes- efforts have made HYTRAN a truely effective analysis tool

in an area where proper analytic techniques were heretofore either cumbersome,

time consuming, or not practical at all.

HSFR, SSFAN, and HYTRAN were originally developed separately with little

commonality between the programs. The purpose was to obtain a wide variety of

analytical techniques that would yield the best approaches to the varied prob-

lems encountered in hydraulic model and systenm simulation. As the contract

progressed many of those rechnioys fo...id their way int.) all three programs.

This process however is not comolete. The continuous evolution in program

improvement and development is inherent, for example:
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The SSFAN program benefited from the steady state portion of the HYTRAN

program. Further work with improVed numerical techniques enabled the HYTTHA

program steady state section to be faster than HYTRAN. These changes have not

been, but could be, incorporated in HYTRAN.

HYTRAN and HSFR are the most developed of the four computer programs

because they received a majority of the test effort in the laboratory. How-

ever, the SSFAN program may be correlated to the steady state data taken for

the HYTRAN tests on a subsystem level. The most pertinent and useful SSFAN

verification is accomplished at low temperatures, which was outside the con-

tract scope. Further work could be done in this area.

2. LABORATORY TES"' PROGRAM EXPERIENCE

In a test program covering sLch a wide range of hydraulic componencs,

systems, and operating coaditions many problems jere encountered. Much of the

laboratory test effort has been documented in Section Iii of this report. The

major areas of concern in the progrem were pressure instrumentation, adequate

flow measurement of transient phenomena, proper component instrumentation, the

ability to generate a reasonable system transient, and the need to remove

unwanted mechanical and electronic noise.

a. Pressure Instrumentation - Strain gage and piezoelectric pressure

instrumentation was used in the testin-. The transducers were either

split block, flujh mounted, or clamp-on mounted to the lines. Resonances

problems did occur for the split block mounting in areas where the column

of oil exposed to toe transducer surface would be excited by the pulsating

flow in the line at critical pump speeds. Many of the transducers would

drift with temperature and thus had to be recalibrated for each run.

Normally the accuracy of the pressure transducers are within +0.5% of

the rated pressure.

Flush mounting of fixed pressure transducers with the flow stream

is recommended to avoid an extraneous signal from resonating liquid

columns in short stub mounts. Roving clamp-on piezoelectric transducers

are recommended for easy mapping of standing pressure waves.

b. Transient Flow Measurement - Hot film anemometers were used to measure

transient flow in the test fixtures. The non-linear output of the

transducers would drift with small changes in the system temperature.

Thus calibration curves were generated for each temperature condition
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that was run in the laboratory. Because of the non-directional character-

istics of the hot film probe, care was needed in installation and proper

data interpretation.

Although the anemometers were only capable of measuring local fluid

velocity, they provided useful information for transient program verifi-

cation.

c. F-15 Pump Instrumentation - The instrumentation on the pump worked

well. The hanger position LVDT probe did lose contact with the rate

piston during turn-on transients. A split block was added to the LVDT

"and nitrogen gas was used to load the probe shaft against the rate piston.

The proximity sensor used to measure compensator valve spool posi-

tion had only a 0.050 inch linear range while the measured displacement

on the test pump valve was 0.070 inch. This was not a serious short-

coming since spool position could be correlated to pump ouilet pressure.

d. Transient Control Valve - Design and operation of the fast control

valve presented many problems. A valve with an operating time of around

2 milliseconds and a maximum flow raLe of 40 gpm was considered desirable.

A commercial unit was extensively modified by the addition of a spring

and a separately pouered hydraulic servovalve/actuator to operate the

valve poppet. Because of the valve design it was difficult to obtain

any type of spool rate control over 10 milliseconds. The spool would

frequently' bounce during turn-on or turn-off transients causing the data

run to be scrapped Also flow forces on the valve would sometimes cause

it to close prematurely.

e. Mechanical and Electrical Noise - Lines on the test fixture were

clamped according to standard aircraft procedures. Excessive line

vibration did iaterfere with the transient component tests. When this

occurred additional clamps and weights were added on to the system.

A large commercial acoustic filter was used during many of the component

transient tests to miniwize pump pressure pulsations in the test section

of the circuit.

Electronic filtering was required on the instrumentation to remove

spurious signals caused by mechanical vibrations and excessive instru-

ment sensitivity.
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3. COMPUTER PROGRAM VERIFICATION AND STATUS

A brief synopsis of the status of each computer program and the results

of the verificativn effort are presented in the following sections. The

strengths and weaknesses of the programs are discussed along with areas of

program usaLe and application. Observations are offered based on MCAIR's

contract effort and other related efforts.

a. HISFR Computer Program - The present HSFR program can provide suffi-

ciently reliable predictions of the resonant frequencies to permit

useful design analysis of real hydraulic systems. MCAIR has used the

program to advantage on the F-15 prodnction power control (PC) systems,

and the F-15 "Streak Eagle" DC motor-pump emergency hydraulic system.

Preliminary analysis of the F-18 hydraulic systems has been done, and

investigative modeling and testing have been done on the two-pump F-15

utility systems.

Usefulness of the current program is a function of system complexity

and the number of continuous operation pump speeds. The HSFR program

makes it possible to easily and quickly identify simple system changes

or components which will relocate resonant frequencies away from continuous

operating pump speeds. Simpler circuits and fewer continuous operating

speeds allow more "room" in the operating pump speed range to accomplish

safe relocation of resonances. The F-15 utility system is an example of

an acoustically complex, two-pump, multi-branch system with numerous

major resonant responses over the pump operating speed range. The F-15

PC systems are somewhat less complex with a single pump and fewer branch

circuits.

Fortunately the accuracy of pulsation amplitude prediction is not

critical. If resonance relocation can be accomplished, high pressure

amplitudes can be tolerated since they are encountered only transiently

during start/stop speed changes. If the circuit is too complex for

resonance relocation, wide band attenuation over the entire operating

speed range is probably required to solve pulsation related problems.

In either case, close accuracy in predicting pressure pulsation ampli-

tude is not required.

Amplitude predictions were good for the F-4 resonator test circuit.

Fluid temperature and resonator location did not significantly effect

the accuracy of the predicted amplitudes.
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Predicted pulsation amplitudes are very high compared to test results

for the filter circuit and hose circuit simulations. Further modeling

and/or verification tests will be required to understand this phenomenon.

4 No common factot is obvious. The filter and hose present an effect in

the circuit which is not accurately modeled by the present HSFR program.

Secondary resonances exist in the hose circuit indicating that the hose

has a reflective characteristic which is not modeled.

The present HSFR program models one hydraulic acoustic source (pump).

Accurate mGdeling of j two pump system is not practical unless the phasing

between the two acoustic outputs is known. This requires phasing of the

power source gear bo:- and pump shafts with respect to pump cylinder

barrel rotation angle. A two-pump system may be usefully analyzed by

modeling each side as single pump independent system, particularly if

pump to outlet junction lines are long. However, this remains a question-

able technique due to the ancertainties of signal phasing and check valve

effects in a master/slave pump arrangement.

The HSFR program can be used to study hydraulic return system

resonance characteristics. The PUMP subroutine can be used to study pump

hanger torque, port plate valve timing, and cylinder cavitation.

Use of adiabatic bulk modulus data for MIL-H-5606B hydraulic fluid

is recommended when performing HSFR analysis of systems using MIL-H-83282A

fluid. Test results have shown this to be more accurate than the avail-

able bulk modulus data for MIL-H-83282A. The FLUID subroutine is currently

progiammed in this manner.

A composite plot of the maximum standing wave pulsation level at each

resonant pump speed should be used for showing and comparing the overall

acoustic performance of a circuit. Standing pressure wave plots can be

used for studying response at a single resonant frequency, and for eval-

uating pulsation amplitudes upstream and downstream of circuit rtflection

points and attenuators.

Sufficient measurements should be made to define the standing peak

pressure wave, both upstream and downstream of attenuation devices, for

effective evaluation of hydraulic system pressure pulsations. Line

pressure measurements every 6 inches are sufficient with 9 piston pumps

operating to 5000 rpm. This is particularly important for fully defining

basic systems acoustics, and evaluating the net effect of circuit changes

and attenuation devices.
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The resonant frequency of a central hydraulic system between the pump

and first major reflection point follows a half-wave characteristic

,(fM1 "--), even if the circuit has a closed-end. A closed end circuit

branched off the main line exhibits a quarter-wave resonant frequency
( fM - 4L"

Pressure service ports and pressure transmitters are sometimes

located at the end of lines which branch off the central system. In

a closed-ei.d branch circuit a restrictor or check valve should be placed

at the branch point, not at the termiuating component, to protect •he

entire branch circuit from resonance damge.

b. HYTRAN Computer Program - The current version of the HYTRAN program

can give useful predictions of peak waterhainier pressures and system

response to changing flow demands. MCAIR is currently using this program

to analyze the F-18 hydraulic systems and YAV-8B hydraulic systeins, The

HYTRAN program is also being used to simulate hydraulic systemc on the

space shuttle. The purpose of this study is to assure Chat the shuttle

meets all the requirements for both normal and contingency operation

duriag ascent and descent flight modes.

Many of the computer models have been adequately verified for HYTRAN.

Simulation and testing of relatively complex hydraulic systems has shown

the basic accuracy of the program. With simulation of more complicated

systems, problems will undoubtedly be encountered. Modifications will

have to be made to the subroutines to account for conditions not pre-

viously expected in the original development of the general models.

HYTRAN is an extremely complex program. A key to effective applica-

tion and understanding of HYTRAN lies in the ability of the user to

recognize bad computer output. This requires that the user be familiar

with transient phenomena in hydraulic systems and know how to interpret

the data provided by the program. Unacceptable program results may be

due to inaccurate input data or unreal design conditions. Useful infor-

mation can be obtained from HYTRAN because the effects of complex inter-

relationships between parameters may be easily observed and analyzed.

HYTRAN, as with the other computer programs, is still in a development

stage. As with all computer programming, the job for engineering design

analysis is never finished. But HYTRAN general purpose models are ade-

quately verified so that it may be used with confidence to analyze specific

design and performance aspects of hydraulic systems.

411



When verifying the computer models, iP was important to select

adequate boundary conditions. Boundary conditions were located at dynam-

ically quiet points in the hydraulic system. Reservoirs and accunulators

provided such points. Excessively noisy data was filtered before data

processing to remove the possibility of a mathematical instability

arising in the simulation. Noisy data did result from numerous areas

such as pump ripple, line vibration, or improper transducer mounting

lncatlon.

Accurately defining the component input parameters was another key

to proper computer model verification. Incorrect poppet mass on a check

valve or fluid volume in a filter did drastically affect the computer

simulations of these components. Care in measuring such parameters was

important.

The computer program cannot give reasonable correlation unless test

conditions are adequately measured. System air content, ambient tempera-

ture, and fluid properties were all important quantities that were

recorded.

Evaluation of the data as testing progressed was important to proper

computer simulation verification. Many problems encountered in the program

verification effort were traced back to bad test data, or failure to

properly interpret the data.

(1) Line Model - The line model has been verified between 0-3750 psi

and at temperatures of 120 and 2100 F. Turn-off transient correlation

with pressure and flow data is good. For turn-on transients the

computer program predicts typically 150-200 psi below the reflected

pressure wave. Initial flow correlation is poor because the hot film

anemometers were not capable of Lnesuring mean flow, but only that

flow based on a local velocity limited to a specific region close to

the tube tiall.

412



(2) Cavitation Model - The HYTRAN line model calculations of flow

and pressures under transient cavitation conditions initially did

not compare well with the test data. For turn-off transients reason-

able correlation was obtained if the line dynamic friction was set

to zero. DFRICD was zeroed whenever the pressure at either end point

was equal to or less than the fluid vapor pressure.

The computer output results for cavitation during the turn-on

transients also did not compare well with the data. The majority of

the error may be attributed to the use of the turbulent friction

term when the Reynolds number reaches the transition number, while

in reality the line flow is still laminar.

(3) F-15 Pump Model - For the initial pump response, the PUMP51

subroutine adequately predicts the measured data. Since the initial

transient is usually the most severe, the program results do reflect

actual operating characteristics. However, subsequent oscillations

as the transient dampened were not accurately computed. The PUMP51

subroutine calculations do reflect a stable prediction of transient

dampening.

Errors in the subroutine may be attributable to a numbei: of

factors. Lack of cavitation effects caused by improper filling of

the pistons, the effect of hanger angle and pump RPM, bulk modulus

effects at different pressures and temperatures on piston hanger,

and friction effects on the actuator and valve, are some of the

factors not included in the pump model. Other sources of error

exist in the model itself. Not adequately defining the flow forces

on the valve, assuming linear leakage characteristics, and the treat-

ment of hanger inertia could all introduce small errors into the

simulation.

(4) Filter Model - The HYTRAN filter model calculations of flows and

pressures compare reasonably well with the test data measured in the

lab. Because of the small filter used there was little difference

between the filter with and without an element. The filter supplied

more attenuation to the pressure signal and slowed dcwn the wave

speed slightly as compared to the unobstructed line.
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(5) Check Valve Model - The HYTRAN check valve model compares favor-

ably to the test data measured in the lab. The majority of the model

error can be attributed to the absence of adequate flow force effects

on the poppet in the calculation. Flow forces are not well defined

theoretically and really depend upon the actual valve geometry.

Attempts to include axial flow forces in the calculations contributed

some improvement for the 125'F and 210*F, 11.5 and 38.5 CIS turn-off

transient calculations. Since the CVAL31 subroutine was written for

a general check valve it appears that this model is adequate for

what it was designed to accomplish.

(6) Restrictor Models - The HYTRAN restrictor model. (REST41) and

one-way restrictor model (CVAL33) calculations of pressures compare

reasonably well with the test data measured in the lab. The verifica-

tion results indicate that the restrictor models are relatively good.

(7) Hose Model - Hose model calculations of flows and pressures did

not compare well with the test data. For the 1/4" hose the computer

results predicted a lower damping frequency than was actually mea-

sured. However, the amplitudes on the computer pressures match

well with the test results. The 5/8" hose computer results showed

a higher frequency than the test data. Amplitude correlation with

the computed pressures was good. In turn-on transients for both

hoses the HYTRAN program consistently under predicted the maximum

pressure amplitude of the test data.

(8) Two Stage Relief Valve Model - The malfunctioning control valve

did not provide the necessary sharp turn-off transients in the test

system, and prevented the direct verification of the two stage relief

valve model. Computer runs made without the test data indicate that

the relief valve model reasonably simulated the actual valve's

operating characteristics.
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(9) Air Effects Simulation - Return system transients were generated

in the lab by rapid opening and closing of a control valve. Air was

added to the system and allowed to dissolve into the hydraulic fluid.

As the system dissclved air levels increased from 0.4% to 48% by

volume, the transient tests showed a significant decrease in the

oscillating frequency of the pressure and flow waves following cavi-

tation. This phenomena results from free air collecting in the

return system downstream of the valve. The air came out of solution

after the pressure drops to near zero which occurred when the control

valve was either opened or closed. At higher dissolved air contents

more air would leave the fluid given the same valve operating rate

and system temperature and reservoir pressure. This free air would

slow the rise and decay of the pressure and flow waves by providing

an additional air spring for these waves to travel through.

The testing indicates that at higher air contents the severity

of return line pressure transients are reduced.

Unfortunately this was about the only benefit of dissolved air.

From a total system viewpoint, large amounts of air may cause serious

problems relating to system start-up and normal operation. Start up

problems include lack of pump prime (airlock), system damage due to

transient air ingestion by the pump, and excessive drop in reservoir

level.

Currently, the effects of air in hydraulic systems is not

modeled in the HYTRAN computer program. Dissolved air does not

alter the physical properties of the hydraulic fluid, but free air

in the form of large or small bubbles in the fluid would drastically

affect the component and line models. Predicting the occurrence of

these air bubbles, their size, and interactions with the fluid and

components would be a task beyond the scope of the present contract.

The testing has provided basic data on how dissolved air affects

hydraulic return system performance.

Since the .4% and 12% air content tests showed little change,

and the existing HYTRAN cavitation model gives a reasonable cavita-

tion simulation, it is considered that the current model is adequate

and representative of a well bled system.
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(10) Valve Controlled Actuator Model - The valve controlled actuator

tested in the lab exhibited some destabilizing valve reaction forces.

These may have accounted for the poor correlation with the initial

transient test data. The addition of the stiction forces helped with

predicting the magnitude of the first transient spike, but it could

not model the subsequent 15 msec delay before the rise of the cylin-

der pressures. The inclusion of a dynamic friction term assured

that the cylinder pressures were of the proper magnitude.

The simple servoactuator model used in the HYTRAN program gives

reasonable correlation with the lab test data and is considered a

good subroutine for most applications.

(11) Accumulator Model - The range of specific heat ratio during

accumulator discharge (and charge) varies widely depending on the

duration of the transient.

Discharge of the F-15 JFS accumulator from an initial shop

ambient temperature conditioun produced the following specific heat

(n) values for various discharge times.

Total Discharge Range of Specific Heat Ratio (GN2 )
Time (Sec) During Discharge

2.3 1.65 to 1.52

5.0 1.32 to 1.16

32.C 1.16 to .926

Higher specific heat ratios would be obtained for lower initial tem-

peratures, particularly for the longer discharge time. A specific

heat ratio for sizing an accumulator should be chosen for the maximum

discharge rate and lowest Initial temperature expected in the appli-

cable system.

Computer simulations which model rapid changes in accumulator

pressure should use a high specific heat. ratio, 1.4 to 1.6. The

present HSFR program uses 1.4. The HYTRAN program accumulator model

currently uses a specific heat ratto of 1.0, making no attempt to

model the wide range of specific beat ratios possible for transient

calculations. A constant specific heat ratio should be selected and

used in the HYTRAN gas accumulator model to suit the type of appli-

cation being analyzed. Choosing a good design value for specific heat

is a significant factor when sizing 3000 psig accumulators such as

those used in hydraulic start systems for engine start and auxiliary

power systems.
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(12) Subsystem Modeling - Modeling of the F-15 speedbrake subsystem

with the HYTRAN program went exceedingly well. The computer run

showed that the component models do function properly in a system

simulation, and for this basic system the HYTRAN program was able

to calculate the proper pressures and flows.

(13) Two Pump System Verification - The HYTRAN computer simulation

of the two pump system indicated reasonably good correlation with

the test data. The initial response predictions were adequate but

the final steady state operating pressures were larger than actually

measured.

c. SSFAN Computer Program Verification - The SSFAN computer program com-

ponent models have been verified for many of the test conditions recorded

in the lab. The basic techniques of linearizing the leg impedances and

applying the continuity equation at branch points have been verified for

use in SSFAN and the steady state portions of HYTRAN and HYTTHA.

The SSFAN program has been used to analyze the gun subsy.stem, the

main and nose landing gear subsystems, the arresting gear damper pre-

charge subsystei. and the emergency brake/landing gear subsystems on the

F-18. MCAIR has also used SSFAN to model the two hydraulic systems on

the YAV-8B.

(1) Essential Components - Essential components were tested to deter-

mine their steady state flow vs pressure drop characteristics. It

was determined that the basic data on lines, unions, fittings, etc.,

at ambient and high temperature test conditions were not necessary

for adequate model verification of the higher priority HYTRAN test

items. Line pressure drop equations used in SSFAN were verified by

the test data.

(2) Supplemental Components - Steady state data was recorded for a

check valve, 1/4" and 5/8" teflon hoses, one-way restrictor, single

and stacked disc type orifices and a compensated check valve. The

steady state portion of the HYTRAN program was verified for those

components.

(3) Steady State F-15 Pump Testing - Steady state testing was accom-

plished on the F-15 instrumented pump with two hydraulic fluids. The

difference in case drain flow vs pressure characteristics and heat
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rejection performance between MIL-H-5606B and MIL-H-83282 fluids is

significant. The difference may be due to the non-Newtonian vs

Newtonian characteristics of the two fluids.

(4) Steady State Two-Pump System Verification - SSFAN simulation of

a two pump test system correlated well with the test data. Modifi-

cations were made to the pump model to handle the master-slave

relationship. Although the changes had to be made by the programmer,

they were relatively minor.

d. HYTTHA Computer Program Verification - HYTTHA is the "junior" member

of the four programs developed under the present APL contract. Many

problems will be encountered by users as the complexity of the modeled

systems increase. Every effort should be made to coordinate program

changes with all the active prog-am users.

(1) Line Model - The HYTTHA line model adequately predicted the

temperature distribution in the tested line sections. Verification

has been accomplished for the data presented in this report. Test

data is not currently available to verify the line model over a wide

range of temperature conditions.

(2) Restrictor Model - The restrictor model (TREST41) computer runs

correlate well with the test data. The model does provide adequate

representation of the thermal effects of a simple restrictor in a

line system.

(3) Pump Model - No verification has been accomplished with the

HYTTHA program pump model. The pressure data taken for each test

oscillated and could not be used as boundary conditions in the

simulation programs.
(4) Heat Exchanger Model - The heat exchanger model was able to

predict the test results for the range of temperatures that were

tested.

(5) Subsystem Model - Test data on the F-15 speedbrake sysLem does

not correlate with the HYTTHA program predicted results. Further

work on the subroutines must be done before adequate verification

can be accomplish(-d.
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SECTION IX

RECOMMENDATIONS

During the course of the Aircraft Hydraulic System Performance

Analysis program a number of desirable additional efforts have identified

themselves. Many of these are logical extensions of the current program:

others lend themselves to independent investigation. The recommeudations

can be grouped into the following eight headings:

1) Improvement and extension of the existing computer programs
(HSFR, HYTRAN, SSFAN, HYTTHA).

2) Development of a hydraulic line mechanical response (HLMR)
computer program.

3) Verification of existing programs on a complete aircraft
hydraulic system.

4) Adaptation of the existing programs to other aircraft fluid
systems.

5) Evaluation of program correlation with user test data

6) Development of hardware for improved fluid system dynamics
and testing.

7) Revisions and additional to militaiy specifications.

8) Newtonian vs non-Newtonian fluid characteristics.

A summary of the recommendations developed is presented in Section 1,

and the detailed discussion is presented in Section 3.

1. SUMMARY OF RECOMMENDATIONS

Recommendations for program improvements and areas of expansion are

presented in Table 34. The activities included in the present one-year

add-on contract are highlighted. Recommendations for areas of further

study are listed in Table 35.

The higher priority recommendations are summarized in the next two

sections. The distribution of funds into these areas would be cost effective

because all program users could benefit from their implementation. These

items will provide an immediate payoff to the engineer in solving practical

design and analysis problems. They will also enhance and strengthen the

capabilities of the computer programs.

a. Priority Recommendations for Future Computer Effort

The recommendations for future computer program work are presented in order

of importance in Table 36. A specific discussion of each topie may be found in

the referenced section.

b. Prioritv Recommendations for Complementary Effort - The items in Table 37

represent complementary efforts evolving from computer program verification and

development work.
419
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TABLE 36

AIRCRAFT HYDRAULIC SYSTEM PERFORMANCE ANALYSIS PRIORITY
RECOMMENDATIONS FOR FUTURE COMPUTER PROGRAM EFFORT

Priority Subject Paragraph

1 Develop and verify hydraulic line mechanical 3.b.
response computer program

2 Develop and verify vane pump model for HYTRAN 3,a.(M)(a)
and HSFR 3.a.(2)(a)

3 Develop and verify axial piston motor model 3.a.(l)(b)
for HYTRAN and HSFR 3.a.(2)(b)

4 Further data analysis and testing of the F-15 3.a.(2)(c)
instrumented pump for HYTRAN

5 Develop and verify SSFAN flow regulator model 3.a.(3)(a)

6 Verify SSFAN at low temperature 3.a.(3)(b)

7 Develop qua.si-transient model for SSFAN 3.a.(3)(c)

8 Program User Experience Feed Back and Interchange 3.e

9 Verification of existing programs on complete 3.c
aircraft hydraulic systems or subsystems

10 Develop and verify cavitating pump model for HYTRAN 3.a.(2)(d)

11 Develop and verify reservoir level sensing valve 3.a.(2)(e)
model for HYTRAN

12 Adapt existing programs to fuel systems 3.d.

"TABLE 37

AIRCRAFT HYDRAULIC SYSTEM PERFORMANCE ANALYSIS RECOMMENDATIONS
FOR COMPLIMENTARY EFFORT

PrioritX Subject Paragraph

1 Further develop wide-bard acoustic attenuators 3.f.(l)

2 Create new military spec. which will provide 3.g.(3)
computer program input information

3 Study and evaluate Newtonian vs. non-Newtonian 3.h.
fluid characteristics

4 Develop harmonic freŽe hydraulic pulsation 3.f.(2)
generator
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2. SOURCE OF RECOMMENDATIONS

Development and test verification of the HSFR, HYTRAN, SSFAN, and HYTTRA

computer programs has opened up new avenues for these analytical design tools.

Upon verifying a component math model for a specific set of test .onditions,

there was a desire to see how well it wodld fit another set of test conditions.

¶However, due to the limitations of time and money further inquiry was not

permitted. Many recommendations for future computer program improvements have

resulted.

Motivation for other computer program changes resulted froim a desire to

achieve greater utility by extending the program to cover additional requirements

of the individual users. The changes include eytensions to cover models of

components not presently included and a sequence of programming steps to attain

a specific type of output, require program modifications. The resulting capability

will be beneficial enough to all program users to justify the efforts from a

cost effectiveness standpoint.

Through the years, we have found that practicai design experience shapes

a computer program and recommendations based on application are the most useful.

True design needs will dictate whether a change is ever implemented. In the

final analysis, the users will have the responsibility of adapting the existing

general purpose models to the analysis of design and performance aspects of

their specific hydraulic/systems/subsystems. The vast scope and number of

variables involved in these programs, particularly HYTRAN, make it unlikely

that they could ever be so highly developed as to be effectively used by

personnel totally inexperienced in computer technology and hydraulic system

design and performance.

3. DETAILED RECOMMENDATIONS AND DISCUSSION

a. Additional Computer Program Work - The following recommendatione cover

areas for improvement in each of the four computer programs. These areas

are judged worthy of additional development and cesc verification effort.

(1) HSFR Recommendations

(a) Vane Pump Model Development - Develop and verify a vane

pump model to extend the HSFR pr'gram capability to simulate

a typical pump used in many types of fluid systems.
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(b) Axial Piston Motor Model - Develop and verify an axial

piston hydraulic motor model. Frequency analysis capability

in this area could be very helpful in understanding motor/

system resonance problems.

(c) Improve Program Accuracy and Capability -Further develop

the HSFR Program to increase the accuracy and capability of the

program for analyzing the response of more complex hydraulic

circuits. This capability will be useful for identifying the

severity of resonant responses relative to operating conditions

in hydraulic systems of low to moderate complexity. Determina-

tion of whether simple circuit changes, narrow band attenuators,

or wide-band attenuators are needed can mirtimize systems cost,

weight, and installation impact.

(d) Pump Compensator Valve Dynamics - Incorporate pump compensator

valve dynamics in the pump model to allow the system designer to

study the effects of system resonances which coincide with pump

mechanical resonances.

(e) Frequency Dependent Friction Effects - Evaluate frequency

dependent effects; these effects may be pertinent to existing

errors in amplitude predictions. Laminar flow is the most

pertinent mode for steedy state conditions in aircraft

hydraulic systems. (Turbulent flow is the predominant operating

mode for gear box lubrication and electronic equipment cooling

systems.)

(2) HYTRAN Recommendations

(a) Vane Pump Model - Develop and verify a variable displacement

vane pump model for fuel system applications.

(b) Axial Piston Motor - Develop and verify a model for axial

piston hydraulic motors. Successful integration of a hydraulic

motor into system and load dynamics is a difficult task. Dynamic

analysis capability in this area could be very fruitful.

(c) Further F-15 Pump Testing and Model Development - Extensive

testing has been completed on the F-15 instrumented pump. Test

conditions were established to try and reproduce many of the

operating conditions that the pump encounters during its normal

life. Actual pump operating time was approximately 150 hours

during the test period. Obviously much more data was recorded
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than could possibly be compared with the pump model. Because

of the importance of the pump in its relation to the remainder

of the system, a disproporationate number of manhours relative

to other component models was spent on pump verification. The

other demands of the contract did not allow time for a more

thorough analysiE of the pump model and further work on the

pump model is essential. Some of the transient information

that was recorded still needs to be analyzed. More testing

with a case pressure transducer will also yield useful

information.

(d) Cavitating Pump Model - Currently no provision is

made in the pump subroutine for a cavitating pump. The develop-

ment and verification of a model for HYTRAN, would be useful

for suction system analysis.

(e) Reservoir Level Sensing Modification to the Reservoir Subroutine-

F-15 and F-18 military aircraft use reservoir level sensing

equipment. This function should be modeled and verified as part

of the reservoir subroutine.

(f) Lossless Line Model -- Experience on F-18 analysis has indicated

a need for modeling two adjacent components without a line between

them. A lossless line model should be developed for this

application.

(g) Bulk Modulus Updated in tie Line Subroutine - The bulk

modulus is not entirely accurate in a transient simulation.

Changes are recessary so that the values of bulk modulus can

be updated based on the local fluid pressure in a line.

(3) SSFAN Recommendations

(a) Flow Regulator Model - In hydraulic system design it is

necessary to size restrictors based on rate information. Develop

a flow regulator model that would keep the flow in a keg constant

while automatically computing the proper orifice size.
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(b) Verify SSFAN at Low Temperature - Verification testing on

the SSFAN program has been accomplished from 70 to 210*F.

Operation rates at low temperature are often the critical

factors determining a system configuration. Verification

testing from -40°F to 70°F is recommended to further enhance

the capabilities of the SSFAN program.

(c) SSFAN Quasi-Transient Model - Since SSFAN calculates the

steady state flows and pressures of a system at a point in time,

write a control program that will calculate a series of points

starting at a fixed time and continuing for a long time period

(10-20 seconds). This quasi-transient control program would

integrate the system loads, actuator and accumulator pressures

between the two time steps. The resultant solutions are based

on the average flows in the system. Examples of data that may

be derived from this addition are operating times for landing

gear and flap subsystems, time to charge system accumulators

on engine start-up and time to discharge the system accumulators.

(d) Single Node Constant Pressure Reservoir Model - The SSFAN

program was written to solve closed loop hydraulic systems. Add

a special component model to run open loop systems for subsystem

work.

(e) Simplify the Building Routines - The building routines are

complicated. Systems are assembled pressure side first followed

by return then suction system. Simplification of the building

routines are necessary to obtain a more efficient assembly

method and reduce execution time and costs. The techniques

could be applied to HYTRAN and HYTTHA.

(f) Complex Hydraulic System Analysis - The SSFAN program is

capable of simulating many types of hydraulic systems. Every

possible assembly combination of components in systems has

not been verified and indeed the scope of the contract did not

allow for such an effort. Consequently the programmer may run

into situations in which the assembly phase may not function

properly or the computation section of the program gives erroneous

results. More effort is required to accommodate various types

of systems,
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(g) Floating Branch Point Model - Add a floating branch point,

so the programmer can find the pressure at any location in the

system.

(h) Constant Displacement Puma Model - Develop a constant

displacement pump model. This may be constant flow type or

constant pressure type. Versions may be written for closed

and open loop applications.

(i) Pressure Regulator Model - Develop a pressure regulator

model that would hold a constant pressure selected point anywhere

in the system. This would be a two-port device different from

the constant reservoir model.

(j) Hydraulic Motor Model - A hydraulic motor model to input

load torque vs RPM should be developed.

(k) Modify the Special Component Model - Change the special

element subroutine so that it will allow a single point input.

A square law curve fit would then be used with the one data

point. Currently this input allows for a minimum of two data

points.

(i) Dynamic Cross Model - Develop dynamic cross model accounting

for energy losses due to flow mixing.

(4) HYTTHA Recommendations

(a) Further HYTTHA Development and Verification - The HYTTHA

computer program is used to calculate the transient thermal

response of a hydraulic system. Detailed input data is needed

to establish steady state pressure and flow rates to determine

initial system temperatures. The interaction between components

in a system and their environment represent a complex phenomena

that in many instances is difficult to measure even in a controlled

laboratory. The current version of HYTTHA may be applied to simple

hydraulic systems with reasonable results. Larger more complex

systems present many problems that are tedious and difficult to

solve. HYTTHA was written to solve Lhese problems but because

of the intricate nature of temperature phenomena and lack of

development, further work on the program is needed.
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b. Recommended Development of a Hydraulic System Line Mechanical

Response (HLMR) Computer Program - Hydraulic line vibrations due

to exitation from pulsations generated by axial-type pumps can

create serious problems in aircraft hydraulic system installations.

During the transient test program excessive longitudinal vibra-

tions were encountered in the laboratory that interfered with the

data. The problem was solved by correctly clamping and weighing

down the lines wherever necessary. An understanding of the

behavior of the internal and external responses of the hydraulic

system will lead to optimum, infinite fatigue life, configurations

with minimum system weight. MCAIR has already undertaken the

development of a computer program which will predict the mechanical

response of a hydraulic line installation to pulsating external

or internal forcing functions. The hydraulic system line

mechanical response program (HLMR) needs to be further developed

and verified before useful design data can be obtained.

c. Verification of Existing Programs on a Complete Aircraft

Hydraulic System - The present computer programs should be applied

to more complex aircraft hydraulic systems such as the F-15 with

RLS, RPS and an intricate switching valve system. It is recommended

that the programs be verified on a representative aircraft hydraulic

system. Modeling specific subsystems and solving design problems

yield information not obtained from general verification work.

The modeling of a complete aircraft will greatly improve the

capability of the computer programs.

d. Recommended Computer Program Development and Application -

The existing computer program component models could be modified

for fuel system applications. Similar changes could be made to

make the programs capable for analyzing electronic equipment

liquid loop heat transfer systems and lubrication systems.

e. Recommended Program User Experience Feedback and Interchange

to be Implemented Through the APL - User test data should be

employed for additional assessments of program correlation to

reveal unidentified shortcomings and identify the areas of

future work. This will continually improve 3nd accelerate the

development of the programs and help others in becoming more

familiar with their application. Getting more people involved

will further verify the programs and make them more useful in

design and analytic studies.
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f. Recommended Hardware Development Programs

(1) Wide-band Acoustic Attenuator - Design and develop

small, low-cost, high-performance wide-band acoustic

attenuators for aircraft hydraulic systems. The acoustic

complexity of some aircraft hydraulic systems, line

mechanical response, multiple pump operating speeds, and

temperature shift effects render conventional narrow

band techniques of questionable value. Application of wide-

band attenuators is sometimes the cost effective approach

for solving pulsatiun problems in acoustically complex

systems. The HSFR Program would be used as a tool for

designing and sizing the wide-band acoustic attenuators.

(2) Harmonic Free Hydraulic Pulsation Generator - Develop

a harmonic-free hydraulic acoustic signal generator for

general use in the industry. The power level and frequency

range capability should be that normally encountered in

aircraft hydraulic systems. Such a device would be useful

for running qualification fatigue tests on equipment normally

exposed to pulsating pressures or for model verification

tests, and for checking the frequency response of hydraulic

circuits.

(3) Dynamic Flow Measurement - Further develop dynamic

flow measurement technology to permit accurate component

level HSFR model verification. Accurate modeling of some

components, e.g. filters and hoses, may depend on improved

flow measurement technology.

(4) Pump Modifications to Reduce Acoustic Energy - Reduction

of acoustic source energy by techniques integral to the

hydraulic pump would reduce many hydraulic system dynamic

problems at their source.

g. Recommended Military Specification Revisions and Additions

(1) MIL-P-1969C Hydraulic Pump Spec Modification - The

MIL-P-19692C hydraulic pump specitication pressure pulsation

test data may be improved as follows:
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1) It is imperative that the buyer specify the

test hydraulic circuit to be as similar to the

real system as possible.

2) Use a total pressure pulsation (peak or peak

to peak) vs. pump speed data format during the

specified speed sweep (50 to 125%) with 5% of maximum

full flow to easily and accurately identify the most

critical resonant speeds in the simulated hydraulic

system.

3) Record 2) data long the line every 8 inches from

the pump to identify a location in the line of the

maximum standing wave pressure at each identified

resonant speed.

4) Make measurement rpm sweeps over the full speed

range at line locations identified for maximum resonant

pressures rather than at the present arbitrarily specified

50, 75, and 100% speeds.

5) Apply the acceptance criteria to the maximum

measured standing wave value at each resonant speed

within the operating speed range.

6) Change acceptable pulsation level from + 10% to

+ 2.5% of rated outlet pressure.

(2) MIL-H-5440 General Spec Modification - The general

MIL-Spec for nydraulic system performance should be modified

to include analysis using the computer programs.

(3) MIL-Spec Specifying Component Data - All four computer

programs require component data that is usually not readily

available from the vendor. A military specification should

be written that would call out the required data for each

program by component. A MIL-Spec will provide the Government

contractor with the information needed to routinely perform

analysis of hydraulic systems. MCAIR has taken the initiative

on this by requiring all F-18 vendors to supply specified

computer input data for :ISFR, HYTRAN, and SSFAN modeling.

430



h. Newtonian vs Non-Newtonian Fluid Characteristics-

Component and system verification testing has been

accomplished with N'ewtonian MIL-H-83282 and non-

Newtonian MIL-H-5606B. Pump testing with the two fluids

has shown significantly different heat rejection and case

drain characteristics. In addition control valve

leakage rates for the F-15 stabilator were not the

same. The Newtonian characteristic differences

between the two fluids apparently may account for most

of the discrepencies. Confirmation of this assumption

is subject to additional analysis and study. The

results of this study would have an immediate impact

on most component and system designs.

i
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